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C O M M U N I C A T I O N SC O M M U N I C A T I O N S

Dear readers,

The second law of thermodynamics results in the continuous flow of time. The increase of entropy
in an isolated system brings about a lot of good things; it, for example, equalizes extremes, but, on the
other hand, it can sometimes cause damages, which are quite often viewed as undoubted phenomena.

The last century dominant orientation for prevailing usage of fossil fuels, i. e. accumulated prehistoric
solar energy, has to be abandoned, or energy has to be used ever more efficiently. Renewable sources of
energy will have to be ready for use well enough before fossil fuels have been exhausted.

That is also the reason why the current volume of the Communications – Scientific Letters of the
University of Žilina is devoted to some issues of energy from the point of view outlined above.

While some articles actually deal with non-conventional sources of energy, (as, for example, the fol-
lowing contributions: A solar timber-dryer equipped with an air collector; Energy evaluation of the munic-
ipal solid waste pyrolysis; Unsteady flow simulation and combustion of ethanol in diesel engines), the
authors of other contributions pay attention to more efficient use of primary energetic sources (as in the
Non-conventional principle of conversion of heat into cold in an internal combustion engines; Charac-
teristics of a diesel engine with a ceramic coated piston head; Cooling the working rolls of the finishing
section of wide-strip hot rolling mill; or The influence of vehicle maintenance conditions on chosen elec-
tric parameters of the starter during the combustion engine start-up).

Finally, there are articles that apparently do not show any relation to the mentioned problems
(Breakdown of the impeller wheel of a TG2 Kaplan turbine, or The usage of arcs radii profile variation
for the synthesis of railway wheel and rail head profiles), but in their substance, they solve technical prob-
lems very closely related with use of energy.

Vladimír Hlavňa
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1. Introduction

The Slovak Republic (the SR) similarly as other countries with
the well-developed industry including wood processing industry can
easily spend five or more per cent of its national energy consump-
tion on drying processes. Wood drying, as with other goods drying,
requires a large quantity of energy.

2. Wood-processing industry

The tree-covered area of the Slovakian forestland represents
19,258 km2. Primary forest resources for timber production rep-
resent a substantial wood potential. It is considered that woodcutting
for industrial use is at the level of 5 mil. m3 p.a. Their processing to
timber is about 70 to 75 %, which represents more than 3.5 mil. m3

of timber with high moisture content. It is recommended that all
timber should be dried to a level of moisture content, at least 20 %
or less depending on its final use. 

Artificial drying of timber is one of the major components of
heat consumption in the wood-processing industry. It is generally
known as a high energy ratio, i.e. up to 60 – 70 % of the total
energy used for the production of timber is consumed mainly for
timber drying. Therefore, in order to be able to indicate and deter-
mine ways on how to improve operation efficiency, decrease overall
costs of drying, achieve satisfactory quality of dried timber, and
at the same time implement the above technology in an environ-
mental-friendly way, it is necessary to specify both in a complex

way and in detail the currently highly topical process of timber-
drying. One of the possibilities of saving fossil fuels used for timber
drying is also the use of solar energy, as an alternative energy source
for solar-based timber-drying kilns. In economical and energy/policy
sense, the sun energy due to its availability and flexibility in terms
of usage of new technology seems to be very important and at the
same time in our environment one of the most promising renew-
able energy sources. Energy gained from sun radiation increases
neither the concentration of the carbon dioxide nor other “dan-
gerous” gases in the air, hence it does not worsen the “greenhouse
effect”.

3. Climate conditions

The SR is a mountainous country. All the Slovak mountains
belong to the Carpathian system. According to the global clima-
tological classification, the SR belongs to the mild climate zone.
Regular rotations of four seasons and variable weather throughout
the year are typical for this country. Compared to the Czech Repub-
lic and Austria which lie more to the west, the climate in the SR has
more continental features. The average January temperature ranges
from –1°C in the Danube lowlands to –12 °C on the top of the
Tatra Mountains. Average temperatures in July exceed 20 °C in
the Slovak lowlands, while at the elevations of 1000 m a.s.l. they
reach about 14 °C. The southern SR receives about 2,000 hours of
bright sunshine each year, while the north-west of the country
receives only 1,600 hours. Average annual precipitation for the
whole territory of the SR is 743 mm. Snow cover is not stable, and
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A generally well-known high energy requirement for technological processes of timber drying and the fact that the world’s supply of the
conventional energy sources has considerably decreased are the decisive factors forcing us to look for some new, if possible, renewable energy
sources for this process emphasising their environmental reliability.

One of the possibilities of how to replace, at least partly, the conventional energy sources – heat in a drying process is solar energy.
Air-drying of timber usually has a series of disadvantages such as time expenditure, drying defects in the wood and inadequate final mois-

ture content. To avoid these drawbacks, kiln drying is used in many cases to dry the timber, but this involves higher investments for equipment
and greater operating costs. The energy used to dry timber is approximately 60 to 70 % of the total energy used to manufacture timber. 

A method that obviates or reduces the disadvantages of air-drying and, at the same time, reduces the costs of kiln drying, is drying with
solar heat. For the most part, fossil fuels are currently used to dry timber products. Solar energy can replace a large part of this depletable
energy since solar energy can supply heat at the temperatures most often used to dry wood (i.e. from 40 to 100 °C). Solar timber-dryers offer
an attractive solution.
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winters in the lower altitudes are usually without permanent snow
covering.

4. Objectives

In the various studies on solar heat drying published during
the last decades (e.g. Steinmann-Vermaas 1990, Steinmann 1992),
it has been shown that the operating conditions are influenced by
numerous factors, such as location, climate, wood species, dimen-
sions and type of kiln used. Therefore it is not possible to gener-
alise, and each situation, location and particular application must
be studied in detail.

The research was focused basically on the design of the kilns,
and the aspects of regulation and control have been studied with
regard to the fact that the period of solar radiation is determined
by natural laws, i.e. its range varies greatly during the day and even
season, therefore it is necessary to provide, apart from the solar
energy, the heat supply from another energy source in a continual
drying kiln to optimise the co-operation of two heat energy sources.

5. The Solar Timber Drying Kiln 

The prototype solar kiln placed in the furniture factory is shown
schematically of its solar air collector in Figure 1. The test runs
described in this contribution were carried out in the town of Skalica,
48° 51� Northern latitude, 17° 14� Eastern meridian, 178 m a.s.l.
and with approximately 2,100 hours of sunshine per year. The col-
lector is external to the drying chamber so that the collector area
and orientation are not limited by the geometry of the kiln. 

6. Construction details of the kiln

Structure of the kiln
We used a commercial drier type KWB 111 that was slightly

accommodated to be joined to a solar air collector. The single-
row low-capacity kiln has a 7 m3 sawn timber volume. The timber
stack measures are as follows: the width of 1500 mm, the height
of 1750 mm, and the length of 6000 mm. The kiln is designed to
dry coniferous and broad-leaved sawn timber or bulks at 100 °C max.
drying temperature.

Solar air collector
As specific conditions occur during the drying process of sawn

timber using solar energy by means of solar air collectors, the first
part of our investigation was aimed at a comprehensive theoretical
analysis followed by an experimental analysis of the solar air col-
lector work from the viewpoint of optimising its parameters for
application in the chamber kiln heating system. An experimental
solar system was designed at the Technical University in Zvolen to
test and investigate representative characteristics of solar air col-
lectors [1].

The heat for the kiln is supplied by 20 m2 external air heating,
solar collector facing south and inclined at 45° to the horizontal
(latitude of the solar kiln site 17° 14�) for optimum year round per-
formance. One centrifugal blower sucks heated air from the col-
lector into the drying chamber, through an insulated duct. Heat
output of the solar air collector (see Figure 2).

Air was circulated over the collector and through the load at
3 m.s�1. Vents and a spray system were used to control the rela-
tive humidity in the kiln.

Fig. 1 The Solar Timber Drying Kiln
The Solar Kiln Scheme. (A) Drying chamber; (B) Solar collector; (C) External blower to induce air flow through the collector; 

(D) Hot air discharge to internal fans; (E) Internal fans; (F) Heaters; (G) Wood stack; (H) Aeration stacks.
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The solar kiln was controlled up to now by a semi-automatic
control system consisting of: a differential temperature controller,
a maximum relative humidity controller, a minimum relative humid-
ity controller, a humidistat, a thermostat, and a timer. The whole
control system can be manually checked by switches, but a sensitive
and effective equilibrium moisture content (EMC) control system
based on control logic is required for performance in the solar kiln
to protect wood quality as well as to maintain optimum drying
rate and also to prevent energy loss through useless venting.

The temperature and relative humidity of the air inside and
outside the kiln, the mass of the kiln load, the status of the venting
system (open/closed), the moisture content of the kiln load, the
time of the day, and the solar radiation were recorded at 15 min.
intervals.

The ratio of collector area to loading capacity is 2.86 m2.m�3,
which agree with recommendation – the optimum collector ratio
in respect to drying rate lies in the range between 2 and 7 m2.m�3

run [5].

7. Experimental Part

Solar drying
Test drying runs were carried out using wood species – Pine

Monterey [Pinus radiata D. Den.], thickness dimension of 24 mm
to assess the kiln by the following criteria:
● Drying time.
● Final wood moisture content.
● Drying quality.
● Supplemental energy.
● Temperature and relative humidity conditions in- and outside

the kiln.
● Efficiency of the drying process.

Solar radiation. 
The solar radiation recorded during runs was done by the radi-

ation pyrometer HEMI (Solar Sensor 118 SN-8580, Swiss Instru-
ment – HEMI-Messgeräte, 100 V = 1 000 W.m�2).

Furthermore, the average initial moisture content of the sawn
timber to be solar dried was 60 % in the evaluated run. The species
dried was Pine radiata, sawn in planks measuring 3,000 mm in
length, 100 mm in width and 24 mm in thickness. In the evaluated
run the 7.0 m3 kiln load was piled using 18 mm square piling
sticks and placing the boards edge to edge in each layer. Six kiln
samples (3 quarter-sawn, and 3 flat-sawn) were built into the stack
in order to study/double check the progress of drying.

During runs, the kiln was operated and supervised for 8 hours
per day by a skilled operator. The operator’s main task was to main-
tain the drying gradient as near as possible to the target-drying gra-
dient through the adjustment of the humidistat and the maximum
and minimum relative humidity controllers. The rest of the job
was done by the semi-automatic kiln control system mentioned
above. The drying process during the evaluated run was carried
out under the control of the automatic system, without any inter-
vention.

A test for the existence and intensity of casehardening stresses
was made immediately prior to the conclusion of both runs. Six
prongs were cut 200 mm from one end of sample boards from
each pile. The prongs were made by cutting out the centre portion
to within 25 mm of one end of 13 mm thick cross-sections. The
intensity of casehardening was assessed after allowing the prongs
to dry indoors for 8 hours.

After 80-hours or 5-day solar drying period the average mois-
ture content of sawn timber found to be 20 % in representative
evaluated run.

During the run the drying chamber temperature was varying
in range of 30–40 °C, but the drying condition expressed by the
equilibrium moisture content (EMC) was constant, in the mean
average of 10 %.

8. Air-drying

Simultaneously with the solar drying and using the same species
and sizes, air-drying test runs were carried out. The drying quality
was evaluated, and both drying time and final wood MC were
recorded. It was then possible to calculate the drying rates of both
methods and compare them.

9. Results and discussion

The variables were selected according to a preliminary plan,
which would allow conclusions about the two different drying
methods, by comparing the results. The variables considered were: 
● Species of wood.

Fig. 2 Heat Output of Solar Air Collector used for 
the Solar Timber Drying Kiln
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● Thickness.
● Time of year.
● Initial and final moisture content.

Comparing drying time of runs (same thickness – e.g. 24 mm,
same species – e.g. Pine, solar kiln and air drying), the conclusion
is that solar drying is 6 times faster (80 hours) than air-drying
(480–510 hours).

With regard to the species, comparing the runs (same thick-
ness, different species) leads to the conclusion that although solar
drying of hardwood is slower and more expensive than air drying,
it is more profitable than for softwoods (conifers).

Comparing the results of runs (same species, different thick-
ness), the conclusion is that solar drying is more profitable for
thicker samples.

Since solar drying is only faster than air-drying below 70 to 80 %
wood MC, the initial moisture content is of importance. The influ-
ence of the final moisture content is particularly marked below 20 %,
as the solar method becomes more profitable the lower the desired
final wood moisture is.

With regard to cracks, splits, honeycombing and final moisture
content, the quality of solar dried timber is better than for air-dried
stock. The quality is comparable or even superior to that obtained
by the conventional kiln drying method [8, 9, 10, 11, 12, 13].

As expected, the efficiency of solar drying improves with an
increase of the average external temperature and is more effective
during the first stage of the drying process than in the second
stage when the wood MC is already below 40 %.

With regard to economics it must be pointed out that the sup-
plemental energy consumed (kWh) per kg of evaporated water is
only approx. one-tenth to the amount used in a conventional kiln.

As the efficiency of the tested solar timber-drying kiln depends
strongly on the environmental conditions and mainly on the inten-
sity of the solar radiation collected, the results are only transfer-
able directly to locations of similar latitude.

10. Solar timber drying kiln control

In a solar kiln, the maximum temperatures are approximately
50 °C, which lasts only for a very short period of time each day,
and is only achieved when the wood is partially dry and can endure
these temperatures. Temperature control is not necessary in solar
wood drying kilns and, therefore, only the relative humidity of the
kiln air has to be controlled according to the given drying sched-
ule.

The relative humidity inside the solar kiln should be computer
controlled in such a way that venting will take place if it rose above
the target value as given by the drying schedule and if, at the same

time, the absolute humidity of the outside air is less than the absolute
humidity of the air inside the kiln. Unless both conditions are not
satisfied simultaneously, venting will not occur. This will be to
prevent air with too high moisture content from entering the kiln.
With this control, venting will be optimised, preventing loss of
energy [6, 7].

An efficient solar kiln control system giving the best possible
quantitative and qualitative results for the final product should
ensure that the drying operation is always modulated to match
a current timber condition at any moment of a drying period.
Such a system should guarantee the maximisation of energy input to
the drying chamber and the minimisation of energy losses through
ventilation and useless air circulation.

11. Additional heating system

An idea of additional heating system to speed up drying and
to support the drying process during periods of low solar radiation
as well as to increase the average night temperature is recom-
mended to be take into account [2].

With regard to the fact that the period of solar radiation is deter-
mined by natural laws, i.e. its range varies greatly during the day
and even season it is necessary to provide, apart from the solar
energy, the heat supply from another energy source in a continual
drying kiln.

The problem of an additional heating system used in the solar
kiln to improve its efficiency was successfully solved at the Techni-
cal University in Zvolen. Several control aspects were investigated
[2, 3, 4].

This problem has been solved in an original way of regulating
the heating system with a binary source of heat. The above regu-
lation makes it possible to optimise the co-operation of two heat
energy sources in the kiln in such a way that it maximises utilisa-
tion of solar energy and minimises the heat consumption from
conventional energy source, e.g. steam or hot water.

A systematic approach is required in this field to generate
results which would serve as guidelines in the design, control and
use of a solar kiln of a new generation.

12. Conclusions

Many rural and small urban localities are strongly economically
dependent on wood processing plants. These small processing plants
(as well as the large ones) are beginning to experience difficulties
in energy supplies and costs. Because of high economics, not all
mills are able to burn mill residues for energy (i.e. excessive capital
costs), and must rely on fossil fuels for energy.

The application of solar energy to wood processing holds excit-
ing promise of energy savings. To illustrate this, consider timber
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drying – one of the major energy users in wood processing. Most
of this energy is fossil fuel based.

Why is solar energy utilisation so potentially exciting?

First, wood processing requires temperatures between 30 °C
and 80 °C and requires energy at a fairly even demand. Therefore,
extra large solar collecting surfaces are not required.

Second, a great deal of experimentation has been done in solar
energy technology. 

A few experimental, small-scale, solar timber-drying kilns have
been built in the Slovak Republic as well as in other parts of Europe
and the World. Therefore, although designs will continue to improve,
workable designs are available today.

This task Application of solar air collector for sawn timber
drying and other tasks were researched as part of the main task
Utilisation of non-conventional and secondary energy sources for

sawn timber drying and kiln which was carried out at SDVU in
Bratislava and other co-operating institutions – Vzduchotechnika
Nove Mesto nad Vahom, THERMO-SOLAR ZIAR as well as the
Technical University in Zvolen.
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1. The project objective

The project objective is to carry out basic research into the fun-
damentals of a cooling combustion engine designed for more effec-
tive utilization of fuel primary energy by means of a nonconventional
progressive principle of conversion of heat into cold through ther-
mocompression. The subject of basic research is a nonconventional
cooling combustion engine reciprocal movement of the piston and
discontinuous combustion examined from the point of view of:
a) theoretical analysis,
b) consecutive mathematical modelling of thermodynamic and

energetic states of the cooling combustion engine (taking into
consideration the fact that it is the “cooling” engine),

c) selection of components and media focusing on the increase
of cooling output generated by the cooling combustion engine
and on decrease of thermal losses.

All the above mentioned activities require a flow simulation
of the coolant in the engine cooling system as a component of the
absorptive cooling circuit with its analysis and consequent synthe-
sis with the objective of designing a suitable configuration of the
absorptive cooling circuit and suitable choice of coolant. To deter-
mine the data necessary for a mathematical modelling and subse-
quent verification of calculations and selection of components and
coolants it is required: 
a) to design a testing model of the cooling combustion engine and

for this purpose to accommodate the existing testing stand of
the combustion engine, 

b) to carry out some experiments.

Expected social benefits are as follows: 
● extension of existing knowledge, dissemination of new knowledge

– internationally oriented,

● application of new knowledge into teaching materials of insti-
tutions of higher learning – professionally oriented, 

● transfer of knowledge into solutions of other applied reasearch
tasks – specifically oriented, 

● enrichment of scientific and technical know how – specifically
oriented aspect of solution. 

2. Results of solution

The assessment is carried out chronologically in relation to
the given objectives.

The year 2002

The following activities were carried out:
1. theoretical analysis and mathematical modelling
2. testing stand – reconstruction. 

To determine thermal flows from the individual chambers of
inserted cylinders it is necessary to know mass flows around the
cylinders and temperatures in the corresponding places. This can
be solved by a method of composition of the cooling system hydro-
dynamic elements characteristics. The dependence of specific energy
on the mass flow in the cooling circuit can be described by the fol-
lowing set of equations:

Ya � k1a � mwa , (1)

Yb � Yab � k1bmwb , (2)

Yc � k1c � mwc , (3)
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The paper presents results achieved by a team of 12 researchers from the Faculty of Mechanical Engineering of the University of Žilina
who participated in the solution of the project of the above-mentioned title within the period of the years 2002 – 2005. The basic research project
focuses on the cooling internal combustion engine as an element of qualitatively new equipment designed for more effective utilization of fuel
energy by a nonconventional progressive principle of heat conversion cooled by thermocompression. The issue of permanently sustainable life
is approached from three hierarchical levels: a first level is a cooling internal combustion engine; a second level is a combined cogeneration
complex power source; and a third level is a permanently sustainable power system. The cooling internal combustion engine is actually the
basic element of the subsystem in the three-level complex of permanently sustainable life. It is still necessary to verify expected advantages of
this unconventional combustion engine, potential savings of primary energy and foresee possible problems arisen during the simulation of the
engine.
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Faculty of Mechanical Engineering, University of Žilina, Univerzitná 1, 010 26 Žilina, Slovakia, 
E-mail: Vladimir.Hlavna@fstroj.utc.sk, Dusan.Sojcak@fstroj.utc.sk; Rasto.Istenik@fstroj.utc.sk
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Yd � k1d � mwd , (4)

Ye � Ycd � k1e � mwe , (5)

The resultant characteristic of the systems is given by the com-
position of individual characteristics of elements from Fig. 1, where
the series connected elements are summed at a constant mass flow,
the parallel connected elements are summed at a constant specific
energy, Fig. 2.

Thermal flows from the individual chambers of inserted cylin-
ders can be defined by means of the following equations:

Qich � Qih � Qiw (6)

Qih � mih � ciw � (tih � ti�1,w) (7)

Qiw � miw � ciw � (tiw � ti�1,w) (8)

mi�1,w � mih � miw (9)

The year 2003

The following activities were carried out:
1. theoretical analysis and mathematical modelling:

● A theoretical diagram of cycle was completed and physical
and chemical properties LiBr-H2O were found out.

● Modelling and calculation of the inserted cylinder deforma-
tion.

● The issue of bubble formation on the surface of the inserted
cylinder was solved. 

● Modelling and simulation of flows of coolant and energetic
flows.

● The project – updating of programme of experiment automa-
tion – completed.

● Specification of measurement places.
● Design of measurement chain – sensors, transmitters, …

2. testing stand
● Methodology of measurement was prepared.
● Cooling circuit – design of arrangement, constructional design

of an expansion container and engine adjustment, external
pump, sent to a manufacturer, purchases.

● Provision of the external pump and purchase of fuels.
● Constructional design of the expansion container.
● Reconstruction of the testing stand, arrangement of the orig-

inal measurement chain for measurement with the help of
LiBr.

3. experiments
● Measurement of the engine surface temperatures – evaluation.
● Tests of the original engine – measurements of coolant flows.
● Mapping of the engine: characteristics, surface temperatures

for two coolants (water, LiBr), assessment.

There was no agressive harm or damage of sample material,
i.e. neither etching nor dissolving observed.

The following activities were carried out:
● Modelling and computation of the inserted cylinder deforma-

tion. 

Fig. 1(left) Characteristics of the cooling system: che – characteristics of
collector pipe, thermostat and radiator, chb – characteristic of cylinders

and cavities around the cylinders, cha – entry of cylinder blocks, 
chc – characteristics of partitions around cylinders, chd – exit from

cylinder heads.

Fig. 2(right) Chbl – characteristic of the block, Ch1 and Ch2 characte-
ristics of cylinders, Chcelk – overall characteristic, Yč – pump specific

energy, mw bl – flow in the block, mw2 – flow around the second 
cylinder, Ybl – specific energy of the block, Che – characteristics 

of the collector pipe, thermostat and radiator.
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● Geometry of the combustion engine cylinder generated in the
ANSYS software.

● Boundary conditions.
● Coordinates of geometric keypoints.
● Material characteristics.
● Thermal analysis of the cylinder.
● The final elements network.

Graph 1 Thermal conductivity of coolant Fig. 3 Dependence of thermal conductivity coefficient � on temperature

Fig. 4 Mesh of the model in ANSYS.

Fig. 5 Applied thermal loading in C°.

Graph 2. Dynamic viscosity

Graph 3 Density of coolant
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Fig. 6 Results of heat transfer in C° Fig.7 Graph of pressure loading (from either side).

Fig. 8 Graph of pressure Fig. 9 Graph of displacements in the axis direction 
(displacements in metres) and temperatureloadings

Fig. 10 Graph of displacements in direction 
(displacements are in metres)

Fig. 11 Graph of full displacement of y-axis  
(displacements are in meters)
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From the results of the computation it was found out the the
liner was loaded mainly in the upper part some 22 mm from the
head by a relatively high stress of 445 MPa. The displacements can
be considered insignificant mainly due to their position (in the 
y–axis direction in the liner top and in the x–axis direction in the
upper quarter of the liner.

Modelling and simulation of coolant flow and energetic flows.

A mathematical model for flow analysis
The analysis is based on a mathematical model for turbulent

flow of “renormalized groups type – RNG k � ε – turbulent model”.
A renormalized procedure applied in turbulence lies in a gradual
elimination of small turbulences. Simultaneously, equations of mo-
tion (Navier – Stokes equations) are transformed in such a way that
turbulent viscosity, forces and nonlinear members are modified.
Supposing that the turbulences are related to dissipation ε, then,

Fig. 12 Graph of full displacement dependences [m] 
(horizontal axis – cylinder length, vertical axis – full displacement)

Figs. 13 Graph of stress distribution (Pa)

Fig. 14 Graph of stress distribution (Pa)

Fig. 16 Stress distribution (Pa)

Fig. 15 Graph of stress dependence on the length 
(horizontal axis – cylinder length [m], vertical axis – stress [Pa])
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the turbulent viscosity �i depends on a degree of turbulences and
the RNG method constructs this viscosity with the help of itera-
tive elimination of narrow bands of wave numbers. The following
equation is used for the iterative process:

�
d�

dl
eff
� � �

�

Al

(

ε
l)

l3

2� . (10)

The averaged RNG model derived by a statistical method has
formally the same shape as the classical k � ε model. The equa-
tion for transfer of momentum has the form:
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and, consequently, transport equations are used:
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For more details see [4].

Computed and measured data Tab. 2

Thermal flow from inserted cylinder. Tab. 3

Specification of places for measurement. Design of measure
chain - sensors, transmitters.

The quality of the actual evaporation process is influenced by
a constructional arrangement of the non-conventional cooling circuit
of the combustion engine, pressure and temperature conditions
under which the evaporation is assessed and concentration of
alternative coolant. The cooling potential of atmospheric circuit is
examined. Temperature conditions are defined by the boiling point
of non-conventional coolant.

When compared with the former cooling system designed for
tractor or automobile engines, for the non-conventional cooling
system the following items can be defined:

Mass equation of the non-conventional system:

Mch � mchl � mchd (13) 

Energetic equation of the non-conventional system (disredarding
other thermal losses):

Fig. 17 Specification of boundary conditions

Mass flow rate Mass flow rate round temperature on outlet
from outlet [kg.s�1] cylinders [kg.s�1] from cylinders [K]

outletV1a � 0.096
mw1 � 0.233 Tvch1 � 370.97

outletV1b � 0.137

outletV2a � 0.098
mw2 � 0.237 Tvch2 � 369.12

outletV2b � 0.139

outletV3a � 0.105
mw3 � 0.260 Tvch3 � 368.21

outletV3b � 0.155

outletV4a � 0.0984
mw4 � 0.279 Tvch4 � 361.41

outletV4b � 0.181

Data computed by Data measured
model experimentally

Mass flow through 
block [kg.s�1] mw � �

4

i�1
mwi � 1.01 mw � 1.01

Average mising 
temperature leaving

block [K]

Total thermal flow Qch � Mch � c � Qch � Mch � c �
to the cooling system � (Tvch � Tvých) � � (Tvch � Tvých) �

[W] � 41274.66 � 41571.6

Mass flow rate and temperatures. Tab. 1

Tvch� �367.17 Tvch � 367.24
�

4

i�1
Tvchi

�
4

Thermal flow from inserted cylinder Qchi [W] 

Qch1 13 240.5

Qch2 11 626.3

Qch3 11 760.8

Qch4 4 652.0

Total thermal flow into coolant Qch � �
4

i�1
Qchi 41 279.6
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Qch � Qvýp � Qoch (14)

Evaporation efficiency:
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Within further reconstruction (reconstruction – adjustment of
temperature sensors, insulation of the evaporation container) the
Qoch  Qch states are modelled at the atmospheric pressure. When
defining this state it is necessary to follow trends of chosen para-
meters (oil temperature, exhaust gases temperature, flow through
the block, temperature of the liquid at entering or leaving the
engine, temperatures in the evaporation container, torque, consump-
tion), which might clarify the transport of heat from the combus-
tion space to the surface in the evaporation container. 

Consequently, it is possible to define the value of a reduced
output number as:

COPRED ��
Qe � �el �

Qp

Qch � Utk
� .  (17)

If we are able - when realizing the complex cooling system in
the required conditions – to define the state �Tch � 0 under suit-
able temperature and heat conditions on the combustion engine,
then Utk � 1. Then, it follows that we are able to maximally utilize
after-expansion exergy in the cooling system and that we are also
able to transform it into evaporation heat required for defining the
cooling output of the absorptive unit.

Points for temperature measurement.

mchd � c � (Tvch � Tvych)
���

Mch � cr (Tvm � Tvym)

Fig. 18a mchl – coolant mass flow, Tvm – temperature on engine outlet,
Tp – vapour temperature, Th – surface temperature in evaporator, 

Tvch – temperature of lean solution leaving the evaporator and entering
the radiator, Tvych and Tvym – temperature entering the combustion

engine.

Fig. 18c Placement of selected measurement sensors

Fig. 18b Scheme of the measurement system of CHSM cooling engine
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Graphs of measured values (graph 4 and graph 5).

The year 2004

The following activities were carried out:
1. theoretical analysis and mathematical modelling

● Drawing documentation for forced adjustments of the engine
and test stand.

● Checking and connecting the sensors for new tests, i.e. obser-
vation of the evaporation process, temperature states at inten-
sification of evaporation under atmospheric pressure and
consequently at underpressure.

● Detailed topography of cavities of the engine cooling jacket,
designed simplified virtual model of the engine cooling jacket,
realistic meshing.

● Modelling – meshing of the cavities of the engine cooling
jacket – for calculation.

● Solution of boundary tasks and conditions for the modelling
of heat flows in the block.

● Checking calculations and simulation of influence of changes
in the boundary conditions.

● Preliminary calculation (thermal balance) of quantities char-
acterizing the state of coolant in particular places of the
energetic circuit with the cooling combustion engine. 

Fig. 19 Top view Fig. 20 View of the turbocharger side 

Fig. 21 View of the engine back Fig. 22 View 1, the injection pump

Fig. 23 View 2, view of the injection pump.
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2. experiments
● Measurements of surface temperatures of the engine – assess-

ment.
● Dismantling and assembly of the engine for the purpose of

topography of the cooling jacket (of real cavities).
● Tests of the original engine – with an alternative coolant (LiBr).

● Tests of the engine with an adjusted cooling system with the
evaporator to define the output reduced number.

● The arrangement of the test stand and its control with the
focus on automation of tests of the engine with a modified
cooling circuit with an external pump in order to verify the
results from the virtual modelling. 

Graph 4(left) Change of temperature for revolutions in defined points. Graph 5(right) Change of temperaturefor revolutions in defined points.

Fig. 24 Cavities of cooling jacket – real, virtual model, mesh
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The resultant point of the cooperation of the ICE with the
absorptive cooling system.

All the investigated parameters were recorded and assessed
with a computer programme. 

Alternatives of the cooling system arrangement

Fig. 25 (left) Assembly of atmospheric test stand. Graph 6 (right) tKpr – criterion of critical average temperature of overhe-
ating, tKoch – criterion of critical average temperature of cooling. 

Graph 7(left) vmin – min. value of interval recommended for velocity of
flow in the engine block, vmax – max. value of interval recommended for

velocity of flow in the engine block.

Graph 8 (right) Course of observed temperatures on gradient under the
constant condition of output temperature from the ICE block.

Fig. 26 Velocity field of flow (original coolant on the left, alternative coolant on the right)
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Fig. 27 Temperature fields (original coolant on the left, alternative coolant on the right)

Fig. 28 A alternative – left: view of non-cooled copper spiral, right: view of cooled copper spiral

Graph 9 Measurements for A alternative Graph 10 Measurements for B alternative
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The year 2005

The following activities were carried out:
1. experiments

● Measurements taken on the engine with the adjusted cooling
circuit with the external circulation pump with the aim of
assessing real flows of coolant for further virtual modelling. 

2. alternatives of solution, assessment and final reviewing proce-
dure. 
● Heat and energetic losses for different flows of coolant and

constant revolutions of the engine.
● Evaluation of the project main objective.
● Final opinions of reviewers.

Quantitative assessment of publications written during the project
solution:
Publications in foreign and domestic journals Number: 10

Scientific monographs 
(also individual chapters) abroad Number: 1
Scientific conferences (presentations, posters) Number: 17
Doctoral dissertations and diploma theses Number: 7

Graph 11. Results of modelling of exergy flow 

Graph 13(left) Changes in flow through the ICE block and engine
loading (that is why the values are negative)

Graph 14(right) Changes in exhaust gases temperature and flow of
coolant through the block

Graph 15(left) Changes in torque and and exhaust gases temperature

Graph 12 Performance coefficient
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3. Social benefits

Extension of existing knowledge
The results of both theoretical solution and experiment were

continuously published in journals and presented at conferences
not only in the Slovak Republic but also abroad.

Aplication of new knowledge in educational materials of institu-
tions of higher learning

Within the framework of the pedagogical process students of
engineering and doctoral forms of study get acquainted with the
results of theoretical solution and during laboratory practical activ-
ities and individual students activities (e.g. theses and dissertations)
directly participate in the project solution. 

Transfer of knowledge for consequent task solutions 
On the basis of the results achieved within this project solution

we submitted an application for another project “Non-conventional
energetic unit with a cooling combustion engine”. The project was
approved by the Agency for Support of Science and Technology
as APVT-20-018404. The project makes use of the results gathered
from basic research, i. e. more effective utilization of fuel primary
energy (in this specific case it is oil) by means of nonconventional
principle of transfer of heat into cold by thermocompressions in
the piston combustion engine (cooling combustion engine).

Extension of scientific and technical know how
The project solution confirmed the possibility of utilization of

thermocompression in the classical piston combustion engine and
thus contributed to the extension of the contemporary scientific
and technical knowledge. 

The paper is based on the final report on the project.
The contribution was created within the framework of the

project Nr. APVT - 20 - 010302, which is supported by the Agency
for Support of Science and Technology of the Slovak Republic.

Graph16(right) Temperature changes in relation to the change 
of coolant flow

Graph 17(left) Temperature changes in relation to torque change

Graph 18(right) Changes in temperatures of oil and charge air
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1. Introduction

Worsening environmental situation in the whole world is caused
mainly by the excessive and continually rising amount of waste.
The European Union program of waste management includes also
a strategic plan aimed at solving this problem, with possible use of
waste for energy production. When there is no possibility to prevent
the production of waste or to recycle waste, the waste should be
disposed of using technology with the least possible impact on the
environment [1]. Thus, different sorts of wastes should be disposed
of using different methods.

The problem of waste includes the whole cycle: production –
use – disposal. When the waste material cannot be recycled, primary
effort is to reduce its volume and then, considering its composition
and technical properties, to technologically use it. The reduction
of the waste volume may be more or less successfully performed
by thermal treatment of waste. This technology exploits also the
combustibility of waste, i.e. its energy content. Most of solid com-
bustible waste has higher calorific value than quality brown coal.
Thermal processes of waste disposal include combustion, gasifica-
tion and pyrolysis. While combustion and gasification are exother-
mic processes that need oxygen supply, pyrolysis is an endothermic
process requiring no oxygen. However, none of these technologies
is totally harmless to the environment, since being thermal tech-

nologies they all are, directly or indirectly, loaded with the nega-
tives of the combustion process [2].

The aim of the research whose results are presented also in this
contribution was to determine the energy potential (content) of
selected MSW sorts and, using the obtained data, to advance
a recommendation as to the method of their thermal treatment.
To do so we have chosen selected waste samples for experimental
measurements using laboratory pyrolysis apparatus.

2. Selection of waste for experimental test

The selection of samples was based on frequently present MSW
components suitable for disposal using thermal technology. The
possibility of their separation was also taken into account. Following
components were chosen for experimental tests: packaging paper –
TP, newsprint – NP, cotton – BA, synthetic textile – PA, polypropy-
lene – PP, polyethylene – PE, polyethylene-terephthalate – PET.
Samples of selected waste components were subjected to the pyrol-
ysis process and the energy content of the pyrolysis products was
then evaluated. Due to insufficient analysis of plastic components
their energy evaluation could not be made in full. Proximate and
ultimate analysis of investigated samples prior to pyrolysis, deter-
mined by laboratory measurements, is given in Table 1.

ENERGY EVALUATION OF THE MUNICIPAL 
SOLID WASTE PYROLYSIS
ENERGY EVALUATION OF THE MUNICIPAL 
SOLID WASTE PYROLYSIS

Emília Wagnerová – David Uríček *

This contribution deals with possibilities of using pyrolysis as a method for municipal solid waste (MSW) disposal. Taking into account
the possibilities of MSW separation, specific sorts of wastes were selected and subjected to laboratory experiments. The main aim of experi-
mental measurements was to determine the distribution of the caloric value of an original sample in the products of pyrolysis. The aim of this
research was to determine the energy content of selected MSW sorts and to recommend the method of their thermal disposal.

Key words: pyrolysis, municipal solid waste, caloric value, human environment

* Emília Wagnerová, David Uríček
Department of Power Engineering, Technical University of Košice, Faculty of Mechanical Engineering, Vysokoškolská 4, 042 00 Košice, Slovakia

Sample Water Ash Com- Cd Hd Nd Od* Sd Qs Qn

bustible*

[% wt.] [MJ.kg�1]

TP 5.55 15.25 79.2 36.84 5.19  0.1 39.23 0.02 13.21 11.93

NP 5.89 26.42 67.69 37 4  0.1 30.77 0.06 12.02 11.05

PA 0.40 0.31 99.29 51.5 4.1 0.4 43.64 0.05 15.81 14.90

BA 5.11 0.96 93.93 45.3 6.9 <0.1 46.58 0.11 15.87 14.31

Proximate and ultimate analysis of samples (* calculated) Table 1
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3. Apparatus for experimental measurements

The design of the apparatus was based on a basic requirement
of the pyrolysis method, which is an oxygen-free environment. In our
apparatus the working space was filled with an inert gas – nitro-
gen. The material was heated by an electrical resistance furnace. In
laboratory conditions, using laboratory apparatus, no continual
operation was envisaged. When designing the apparatus the rate of
pyrolysis, temperature in the working zone as well as the method of
capturing the produced residues were also taken into account. The
scheme of the apparatus is shown in Fig.1.

In order to prevent the penetration of air into the working
space the pressure above atmospheric (100 mm of technological
liquid) realized by liquid seal is maintained in the oven. Gas pro-
duced by pyrolysis is captured in the gas collecting vessel after
bubbling through the technological liquid of the seal. It was nec-
essary to choose such a liquid, which would not absorb the traced
components since such an absorption would distort the results.
We used a solution of vinegar and water with the acidity of at least
4.5 pH [3]. The principle of our laboratory apparatus fully suits the
requirements for a future technological solution of a pilot plant
[4].

4. Evaluation of experimental measurements

Our aim was not to investigate pyrolysis as a technological
process and thus verify what is already known [5–9]. The aim of our
measurements was to determine the quantitative and qualitative
energy content of the pyrolysis products and to compare them with
the energy content of the original waste. The measurements were
performed at three different temperatures (600, 800 and 600/800
°C). All the samples, each with a mass of 0.5 g, were subjected to

pyrolysis under the same conditions and the decrease of the sample
mass, the volume of the produced gas and its composition were
observed during the pyrolysis process. The amount of the produced
condensate could not be measured and so it was determined by
computation based on the preservation of mass. The results of mea-
surements are presented in the form of histogram. Fig. 2 shows the
relative amount of pyrolysis residues.

It may be concluded from these graphs that the highest con-
version of solid material into liquid and gas products is shown by
plastic, while paper shows the lowest conversion degree. This may
be connected with the ash content in the original sample. With
increasing temperature the amount of the gas product increases
while that of the solid product decreases.

We determined the calorific value of produced residues – pyrol-
ysis gas and solid rest. To the calorific value of gas products con-
tribute combustibles CH4, H2, CO and higher hydrocarbons. From
their quantitative participation, at given temperature of pyrolysis,
we determine the influence of particular components on the total
calorific value. The relative content of particular combustible com-
ponents at various temperatures for the gas product is shown in
Fig. 3.

These graphs show that at higher temperature (i.e. 800 °C)
the yield of hydrogen increases in comparison to methane. At lower
temperature the situation is reverse and the yield of methane is
higher. CO content only slightly increases with the temperature,
but, except for PE and PP, its content is generally high. From the
energy point of view the pyrolysis seems quantitative richer in the
gas product.

The energy balance of the products of waste pyrolysis depends
not only on the calorific value of a product but also on the amount
of these products. To be able to compare the energy potential of
selected waste sorts before and after pyrolysis, for the final eval-
uation we transform all energy values into the thermal energy [kJ]
of products and we compare them as such. Energy evaluation of
the products produced by the pyrolysis of selected components of
waste was performed for their solid and gas product. Liquid product
of pyrolysis had insufficient volume for performing elemental analy-
sis and so it was not accounted for in the energy evaluation. Thermal
energies of selected sorts of waste before and after pyrolysis are
given in Fig. 4.

Fig. 1 Scheme of the laboratory pyrolysis apparatus
1 – cylinder of N2, 2 – pressure control valve, 3 – closing valve, 

4 – furnace body (quartz tube), 5 – electrical resistance furnace, 
6 – adjustable bar, 7 – input tube closing, 8 – feed-in chamber, 

9 – combustion boat, 10 – output tube closing, 11 – output chamber, 
12 – gas cooler, 13 – 3 – way valve, 14 – technological liquid, 15 – gas

collecting vessel, 16 – Pt-RhPt thermocouple with thermometer 
Testo 945, 17 – U manometer, 18 – thermoregulator TC-31, 

19 – electric supply meter

Fig. 2 Relative masses of individual pyrolysis products
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5. Conclusion

We can conclude that pyrolysis leads to the substantial reduc-
tion of the volume and mass of waste and that with the increasing
temperature the volume of the produced gas increases. Considering

the energy potential the pyrolysis seems to be quantitative richer
in the gas product:
● H2 content is higher at the temperature of 800 °C,
● CH4 content is higher at the temperature of 600 °C,
● Pyrolysis gas contains a relatively high amount of CO (except

for PP and PE).

On the basis of the obtained results we can recommend that
for the disposal of PE, PP (plastics) and cotton (BA) it is suitable
to use pyrolysis, for TP and NP (paper) incineration and for PA
and PET gasification. When deciding on the use of a particular
thermal treatment for the waste disposal it should be taken into
account that pyrolysis is a method with endothermic reaction [10,
11] and, therefore, it is necessary to consider well if the use of this
method is justified.
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1. Introduction

The simulation of the processes concerning the combustion
mixture creation has been for a long time period only at the level
of an experimental matter. By means of the computer technology
development and by application of differential methods the prob-
lems of the very consistent computational grids in the area of nozzle
drills and in the locality where the combustion mixture is created
at the fuel beam as well as the problems with enormous gradients
of pressures, concentrations or velocities have been partly overcome.
The aim of this work was to compare the exhaust emissions created
at the combustion of ethanol mixed in diesel and ethanol injected
in the intake manifold with the emissions originated by the com-
bustion of pure diesel fuel. The simulation was done for the ethanol
injection into the intake channel of the engine head of the Martin
Diesel UR IV engine and at the combustion process specified for
a compression ignition engine at the consideration of the equi-
librium composition of emissions and kinetics of combustion of
ethanol. For simulated calculation the equations of continuity,
Navier – Stokes equations, equations for energy balance and Arrhe-
nius rate equation were applied.

2. Applied numerical method 

For formation of the combustion mixture the following basic
balance equations can be applied.

The continuity equation for the component �:

�
∂�
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where: � represents the volume portion taken by gas,
(	�)p describes the velocity of density change of the �

component caused by evaporation.
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where the element v represents evaporated fuel, V is volume thro-
ughout all the particles and mk stands for the mass of k-particle.

Then the equation for the momentum compliance can be written
in the form:
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where: upk represents the velocity of k-particle, Dk is the function
of the particle carrying, e is tensor of viscosity tension and Ī stand
for the unit tensor.

For Stokes’ streaming round the drop 

Dk � 6
� rk � �
1

2
� 
 r2

k 	 CD  u�� � u��pk (4)

where rk is the particle semi-diameter and CD coefficient of parti-
cle drag.

The equation of the inner energy I:
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where. qk represents the intensity of thermal transfer from gas into
the k-particle,

h� is specific enthalpy of � component,
h – total enthalpy,
�, � – first and second viscosity coefficients.

The equations are solved by means of the finite volume method
as follows: 
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where: V is volume, S surface and n – normal line. 

3. PDF model 

The composition of exhaust gas was calculated as equilibrium
by searching the minimum of the system free enthalpy. To proceed
from the assumption of high temperatures where the diffusion and
mixture formation represent slower processes compared to chem-
ical kinetics and, therefore, play the predominant role for exhaust
gas formation. On the basis of this idea the calculation was done
for diffusion flame in a high turbulent regime respecting the prob-
ability density function PDF. This function written as p(f) describes
a time interval of the fluctuation variable f, which is in the inter-
val f � �f. Then, the values within the time interval are calculated
as �f.p(f). The mathematical formula can be written as follows:

p(f) �f � lim
T→�

�
T

1
� �

0

i

�i , (9)

where: �i represents the time interval when the function f is in the
extent of �f. The form of the function p(f) depends on the natural
turbulence fluctuations within f., p(f) is expressed as a mathemat-
ical function PDF whose form is derived from the experiment. 

The probability density function p(f) describes the transient
fluctuations of the turbulent stream and for its definition the time
depended average values are used. In such a way the time depended

average value for exhaust component concentration and tempera-
ture can be formulated in the form

�� i � �1

0
p(f)�i(f)df (10)

for one individual fraction of the system. Concerning also the sec-
ondary stream the average value can be calculated using the fol-
lowing equation:
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0
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where: p1 is PDF for ffuel and p2 PDF for psecondary

Similarly, also the time related average value of liquid density
can be calculated only for one mixture 
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when two different streams come into the system, then: 
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when for the secondary stream 	(f) or 	(ffuel , psecondary.) exists.

The selection of the function (e.g. Gauss function) can be
provided on the basis of experimental measurements of fluctua-
tions.

The double delta function can be written in the form:

p(f) � � (14)

Then the calculation of the double delta function is not com-
plicated and can be made more precise than the alternative � PDF
function.
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Fig. 1 Graphical illustration of the probability density function p(f)
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The � function in PDF form can be expressed in the follow-
ing version: 

p(f) � , 

where       � � f���f�(1

f�
�

�2

f�)
� � 1� (15)

and also   � � (1 � f�)��f�(1

f�
�

�2

f�)
� � 1� .

From the created tables the program at the calculation will read
the values of temperatures and concentrations for multi-stream tur-
bulent streaming and at mixing of streams which chemically react.

A non-adiabatic PDF model of combustion calculates the total
enthalpy from the energy equilibrium equation:
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The solution is possible when the Lewis number = 1. The total
enthalpy 

H � �
0

j

mj Hj

where mj is a mass portion of j component and Hj

Hj � �T

Tref,j

cp,j dT � h0
j (Tref,j),

where h0
j is a compound enthalpy of j-component at the tempera-

ture of Tref .

4. A virtual model of the intake channel 
and combustion chamber 

The task of a model creation for the mixture formation repre-
sents one of the complicated problems in the field of gas dynamics,
and from this point of view it is necessary to make some simplifi-
cations and to select and apply the existing sub-models for turbu-
lent streaming, drop distribution or boundary layer. The task was
solved in two stages. Separately the ethanol injection in the intake

f ��1(1 � f)��1

����f ��1(1 � f)��1 �f

channel for the engine Martin Diesel URIV (4 cylinders in line,
turbo-charged) and separately the combustion of ethanol mixed in
a diesel as the combustion of air / ethanol mixture ignited by injec-
tion of pure diesel. At the task solving the method CFD (Compu-
tational Fluid Dynamic) was applied. For the calculation of drop
evaporation the professional programs offer the distribution curve
by software. The calculation of the combustion mixture formation
can be provided on the basis of the published empirical relations or
by detailed mathematical models, but in this case the most sophis-
ticated computer technology is required. 

5. Initial and boundary conditions for calculation

The fuel injection was realised by one-point injection in the
intake channel. The surface grid of the intake channel and valve
(in an open position) is illustrated in Fig. 3. The apparent intake
pressure by a turbo-blower is 0.08 MPa, the intake air temperature
120 °C. For the ethanol injection the piston movement was simu-
lated by a boundary condition as the velocity of gas movement out
from the cylinder or in the opposite way which was adequate for
a suction stroke at 2200 rpm. in the range of TDC up to 40° CA
after BDC when the intake valve closes. The task was solved as
not-stationary. The temperature of the intake channel was 80°C,
the calculation interval 10 deg. CA. The fuel injection was realised
during the whole suction stroke. For drop evaporation the stochas-
tic model was applied, for streaming the model for turbulence RNG
k�ε, standard grid function. At the calculation in the FLUENT 5
programme the Rosin-Rammler distribution function was applied,
which is in this programme pre-defined.

For the combustion process simulation the back-pressure was
simulated with the values of real measured combustion pressure at
the combustion of pure diesel. The surface grid of combustion
chamber without the engine head grid is presented in Fig. 4, the
grid of the part of injection nozzle which reached the combustion
chamber in Fig. 5, the grid of injection nozzle drills in Fig. 6. The
fuel injection began at 10° BTDC and in the case of pure diesel the
injection ended at 11° ATDC. The calculation was made with the
interval of 2° CA for all the three cases. At the combustion simu-
lation of the ethanol / air mixture the injection timing was reduced
to 1/4 with the identical injection beginning. With the purpose of
a model simplification the diesel fuel was substituted by a fictive
hydrocarbon C16H29 . The injector drill diameter d � 0.27mm.
The temperature of injected fuel Tp � 423 K. The fuel rate of flow
through one injection drill Qp � 11.10�6 kg.s�1. The interval of
injection timing 21° CA. The wall temperature in the combustion
chamber Ts � 700 K. The velocity of fuel flow through the injec-
tion drill vp � 180 m.s�1.

For more precise calculation it was convenient to apply a kinetic
model with the detailed description of ethanol transformation
through the intermediate products in CO and subsequently in CO2.
Through this model it would be possible to simulate the formation
of aldehydes and unburned hydrocarbons at the diesel fuel combus-
tion. Such a model was prepared but due to the insufficient com-
puter parameters only the simulation of the mixture formation in

Fig. 2 Double delta function in the PDF form
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the combustion chamber was realised. The figures illustrate the
exhaust emission concentration at 10° CA ATDC (in the point of
the maximal combustion pressure). 

6. Figures of the simulated velocity 
and temperature fields 

Figs. 7 – 9 illustrate the ethanol concentration in the bound-
ary layer in the intake channel vs. the angle of crankshaft. Figs. 10
– 13 present the cooling effect of injected ethanol. At the end of
the suction stroke the temperature increase can be observed. It is
caused by heating-up from the walls and by dynamics of the suc-
tioned mixture. 

Due to different specific caloric values (pure diesel vs. diesel
/ ethanol mixture) also the difference in the combustion chamber
can be observed (illustrated in Figs. 13 and 14).

At the application of ethanol in diesel the increased tempera-
ture in the location of nozzle drill can be observed which can cause
a higher temperature of the injection nozzle. The higher cylinder
loading caused by cooling of the suctioned mixture results in the

increase of temperature in the combustion chamber. The ignition
portion represented 1/4 from the total fuel portion at the maximal
engine power, e.g. 1/4 from the injection timing at the identical
injection pressure. Fig. 15 illustrates static temperature, this figure
must be assessed together with the Fig. 27 in which the curves of
the constant velocity (iso-tacheo-curves) of combustion mixture
streaming are presented. From this reason in Fig. 15 no change of
temperature at the injection nozzle drill is evident, the fuel injec-
tion was finished before the timing point of 10° after TDC. Figs.
16 and 17 document the decrease of CO concentration comparing
to the operation with pure diesel. Ethanol has a lower theoretical
air consumption than diesel and at the identical fuel portion the
engine operating with ethanol shows a higher air surplus. At the
combustion of ethanol ignited by diesel (25%) the higher concen-
tration of CO at the combustion chamber walls and also in average
occurs (Fig. 18). The identical effect could be observed as for the
unburned hydrocarbons concentration due to the extinguish effect
at the combustion chamber walls. 

The similar behaviour can be observed also for nitrogen oxide
concentration. When the engine operates at lean combustion mix-
ture, through the addition of ethanol into the fuel the NO concen-
tration in combustion chamber will be decreased (Figs. 19 and 20).

Fig. 3 Surface grid of intake channel Fig. 4 Surface grid of combustion chamber 
without the engine head grid

Fig. 5 Surface grid of injection nozzle Fig. 6 Surface grid of injection nozzle drills
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Fig. 7 Mass fraction number of ethanol 72° CA after TDC Fig. 8 Mass fraction number of ethanol 108° CA after TDC

Fig. 9 Mass fraction number of ethanol 144° CA after TDC Fig. 10 Temperature (K) 72°CA after TDC

Fig. 11 Temperature (K) 108° CA after TDC Fig. 12 Temperature (K) 144° CA after TDC
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Fig. 13 Static temperature (K) 10° CA after TDC, fuel: C16 H29 . 
Average temperature in combustion chamber = 2100 K

Fig. 14 Static temperature (K) 10° CA after TDC, identical fuel mass
injection comparing to pure diesel fuel: 20 % ethanol in C16 H29 .

Average temperature in combustion chamber = 1500 K

Fig. 15 Static temperature (K) 10° CA after TDC, fuel: ethanol / air
mixture, ignition portion 25 % of the total energy content, 

identical heat input as at pure diesel T = 2550 K

Fig. 16 Mass fraction number of CO 10° CA after TDC, fuel: C16 H29 ,
Average concentration of CO (mass fraction number) in combustion

chamber = 0.002936

Fig. 17 Mass fraction number of CO 0°CA after TDC, identical fuel
portion as at diesel operation, fuel: 20 % ethanol in C16 H29 . 

Average concentration of CO (mass fraction number) in combustion
chamber = 0.001433

Fig. 18 Mass fraction number of CO 10° CA after TDC, fuel: ethanol
with air ignition portion 25 % of total energy content, identical heat

input as at diesel operation. Average concentration of CO (mass fraction
number) in combustion chamber = 0.01176
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In the case that the engine operates at the same power output with
the ethanol injection in the suction channel through the higher
charging by combustion mixture the NO concentration will be
increased (Fig. 21). The NO concentration is kinetically retarded
during the power stroke at its maximal value.

Equilibrium concentrations of NO2 in the combustion chamber
are very low, the concentration of NO is predominant, while the
transformation of NO into NO2 takes place in the exhaust system
and then in the atmosphere. The NO2 concentration depends on
the temperature and oxygen content in the beam of injected fuel. 

Figs. 25 – 27 illustrate the iso-tacheo-curves in the combustion
chamber which document the change in combustion process when
ethanol is applied in diesel fuel or injected in the suction manifold.

The figures presented not only the changes of local velocity but
also the modification of the whole velocity field. The high average
velocity shown in Fig. 27 can be considered as the result of fictive
combustion process in the whole combustion chamber at the cal-
culating model based on the equilibrium state of exhaust gas com-
position. 

7. Combustion simulation of ethanol 
in a diesel engine – kinetic model 

The final part of paper shows kinetic combustion of ethanol
with CFD method in combustion chamber of diesel engine. The
coefficients for a kinetic model are from Fluent. Inc. database
(Tab 1).

Fig. 19 Mass fraction number of NO 10° CA after TDC, fuel: C16 H29 ,
Average NO concentration (mass fraction number) in combustion

chamber = 0.01046

Fig. 20 Mass fraction number of NO 10° CA after TDC, fuel: 20 %
ethanol in C16 H29 identical fuel portion as at diesel operation. 

Average NO concentration (mass fraction number) in combustion 
chamber = 0.01033

Fig. 21 Mass fraction number of NO 10° CA after TDC, fuel: ethanol
with air, ignition portion 25 % of total energy content, identical heat

input as at diesel operation. Average NO concentration (mass fraction
number) in combustion chamber = 0.01615

Fig. 22 Mass fraction number of NO2 10° CA after TDC, fuel: C16 H29 .
Average NO2 concentration (mass fraction number) in combustion

chamber = 1.6848e�5
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Fig. 23 Mass fraction number of NO2 10° CA after TDC, fuel: 20 %
ethanol in C16 H29 identical fuel portion as at diesel operation. 

Average NO2 concentration (mass fraction number) in combustion
chamber = 1.0078e-5

Fig. 24 Mass fraction number of NO2 10° CA after TDC, fuel: ethanol
with air ignition portion 25 % of total energy content. Identical heat

input as at diesel operation. Average NO2 concentration (mass fraction
number) in combustion chamber = 1.1652e-5

Fig. 25 Iso-tacheo-curves 10° CA after TDC, fuel: C16 H29 . Average 
velocity of burned mixture in combustion chamber = 231 m/s

Fig. 26 Iso-tacheo-curves 10° CA after TDC, fuel: 20 % ethanol in C16

H29 identical fuel portion as at diesel operation. Average velocity of
burned mixture in combustion chamber = 163 m/s

Fig. 27 Iso-tacheo-curves 10° CA after TDC, fuel: ethanol with air
ignition portion 25 % of total energy content identical heat input

as at diesel operation. Average velocity of burned mixture in
combustion chamber = 675 m/s

Fig. 28 Tangential flow at top dead center to plane of injection orifice
(mass fraction of oxygen for kinetic model)
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Coefficients for kinetics of combustion of ethanol Tab. 1

8. Initial and boundary conditions for kinetic
calculation 

Fuel injection began at �15° BTDC and the injection ended
6° ATDC. The calculation was made with the interval of 0.0038 s.

With the purpose of the model simplification the diesel fuel was
substituted by ethanol. The injector drill diameter d � 0.27mm.
The interval of injection timing was 21° CA. The wall temperature
in combustion chamber Ts � 700 K. The velocity of ethanol flow
through the injection drill vp � 229 m.s�1. For more precise cal-
culation it was convenient to apply a kinetic model with the detailed
description of ethanol transformation through the intermediate
products in CO and subsequently in CO2. For simple chemical reac-
tion C2H5OH � 3O2 � 2CO � 3CO2 for volumetric reaction is pre-
exponential factor A � 8.435 � 109, activation energy E � 1.256.108

J.kg�1.mol�1, – termless backward reaction, – thermal conduc-
tivity � 0.0454 W.m�1.K�1, – dynamic viscosity � � 1.72.10�5

kg.m�1.s�1, – mass diffusivity D � 2.88.10�5 m2.s�1, – cp � 1000
J.kg�1.K�1, – Sauter mean diameter SMD � 40 �m, the tempera-

Fig. 29 Droplets of ethanol (kg/s) -10 °CA before TDC, kinetic model Fig. 30 Droplets of ethanol -5 °CA before TDC, kinetic model 

Fig. 31 Droplets of ethanol 0 °CA before TDC, kinetic model Fig. 32 Droplets of ethanol 5 °CA after TDC, kinetic model 

Fig. 33 Mass fraction of CO2 , -10 ° CA before TDC, kinetic model Fig. 34 Mass fraction of CO2 , -5 ° CA before TDC, kinetic model

Species Stechiometric. coef. � Rate exponent �

C2H5OH 1 0,15

O2 3 1,6

CO2 2 0

H2O 3 0
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ture of injected ethanol TP � 353 K, the ethanol rate of flow 0.067
kg/cycl.

9. Figures of the simulated velocity and concentration
fields for kinetic calculation

Figs. 29 – 32 illustrate mass flow of liquid ethanol in depen-
dence on time through a drill diameter to the right section of the
piston. Fuel injection began 10° before TDC. Spray of fuel starts

to deformate due to radial flow, it dependents on Reynolds number
of flow. Out flow velocity is too low for ethanol to impact to the
wall of combustion chamber.

Figs. 33 – 39 illustrate high-speed transformation of ethanol to
carbon dioxid. Flow analysis shows the necessity of modification
of time injection of fuel so that the hard combustion of ethanol is
lowered. Complicated kinetic model can not be used for inconve-
nient computer of dynamic calculation.

10. Conclusion

The impact of ethanol on exhaust emission composition was
simulated using the values of pressure from the real combustion
process with pure diesel fuel, ethanol added in diesel and ethanol
injected in the suction manifold. The results of CO concentration
show its decrease in the combustion chamber at the adding of
ethanol into diesel and its increase at the injection of ethanol in the
suction manifold when compared with the results calculated for
pure diesel. At present the engine bench test is prepared for vali-
dation of the calculated results.
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Fig. 35 Mass fraction of CO2 , 0 ° CA after TDC, kinetic model Fig. 36 Temperature K, 0° CA after TDC, kinetic model

Fig. 37 Mass fraction of O2 , -10 ° CA before TDC, kinetic model

Fig. 39 Mass fractions of O2 , CO2 , H2O, C2H5OH (right) in
dependence on revol. of crank shaft

Fig. 38 Iso-tacheo-curves -10° CA before TDC, kinetic model
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1. Introduction

From the Analysis of the combustion engine heat balance it may
be concluded that the thermal insulation of a combustion chamber
should reduce energy losses caused by heat radiation, convection
and flow to the cooling agent. Consequently, the improvement of
engine watt-hour efficiency as well as the increase of life and resis-
tance of its elements is expected.

Many centres, including Cracow University of Technology [3,
4, 9, 10, 11], are engaged in research into this matter, achieving dif-
ferent results. Both improvement and deterioration of engine running
economy were noted in the case of heat insulated elements par-
ticipating in heat exchange. Equally, divergent results are reported
for exhaust gas toxicity.

Mostly, for insulation of combustion chamber elements, ceramic
coatings made of ZrO2 solid solutions partly stabilised with Y2O3,
CaO, and MgO oxides or with rare earths mixture (Ln2O3) are
used. Apart from a low thermal conduction, they are marked with
variable heat loading resistance.

Analysing the share of different surface elements creating
a combustion chamber in this phase of the cycle when the maximum
heat quantity is generated (i.e. close by the top dead centre), it is
possible to state that the share of a cylinder wall in total heat
exchange surface is 10 to 30%. Consequently, the piston head and
the corresponding head base surface are supposed to play the key
role in heat transmission to the cooling agent. The above statements
allow to conclude that the use of heat insulation on the piston head
will be of great importance for the engine characteristics.

2. Experimental Tests

The investigation was carried out using a monocylinder nor-
mally aspirated engine with direct fuel injection to an open, toroidal
combustion chamber, located in the piston. The nominal rotational

speed of the examined engine (SB.3.1 type) was 2200 rpm. The
engine was cooled with a fluid in circulation forced by a water
pump.

The engine characteristics were examined by installing suc-
cessively four different pistons: a standard one made of aluminium
alloy (AK-12) and three others with heat insulating ceramic coat-
ings. The coatings of zirconium dioxide (ZrO2) partially stabilised
with yttrium trioxide (Y2O3) were deposited by a plasma spraying
method on the piston heads. The ceramic coatings differed in
thickness and porosity. Therefore, different values of heat resistance
and thermal conductance coefficients were noted. Heat resistance
of a coating is decisive in modifying heat properties of a piston
head. Consequently, for the analysis of engine characteristics, the
coating heat resistance was assumed as the value determining the
heat insulation of the piston.

The engine was tested on a stand equipped with an electric
brake and measuring devices enabling to determine values of the
following characteristics: operating (power Ne and moment Mo),
economic (fuel consumption per hour and per unit) as well as the
parameters connected with working medium pressure run in the
engine cylinder, fuel pressure before the injector and before dis-
placement of the injector needle depending on the crank angle.
Concentration of toxic exhaust gas constituents: nitric oxides (NOx),
hydrocarbons (HC), carbon monoxide (CO) and smokiness, was
examined too.

3. Results and discussion

Changes of combustion indicators, determined by a thermody-
namic analysis of indicator diagrams, depending on heat resistance
of the ceramic coatings deposited on the piston heads, at a rotational
speed n � 2200 rpm and at the mean pressure pe � 0,6 Mpa, are
presented in Figs. 1 and 2.

In the case of the pistons with ceramic-coated heads, self-igni-
tion delay is smaller than in the case of the standard pistons. It can
be explained by a higher temperature in the combustion chamber
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during injection of fuel charge and, thereby, better evaporation of
fuel. However, the lowest values of a self-ignition period were
obtained for ceramics marked by lower heat resistance values and,
consequently, lower temperatures. It can be presumed that a large
increase of temperature results in reducing the speed of fuel injec-
tion to the combustion chamber and its prolongation caused by the
increase of atomiser leakage. In consequence, the advantageous
effect of better evaporation is partly destroyed. The increase of
leakage may occur when the fuel viscosity decreases or when the
injector guide clearance increases due to a higher temperature.

The above hypothesis seems to be confirmed by the results of
Dickey’s investigation [5] where a reduction of injection pressure
was found in the case of applying heat insulation in the combus-
tion chamber.

Maximum temperatures in the cylinder determined on the basis
of thermodynamic analysis of indicator diagrams decrease when
heat resistance of the coatings increases. The reduction of maximum
temperature values in the cylinder is accompanied by a reduction
of maximum combustion pressure values, although the influence of
heat resistance is not unambiguous here. Lower values of maximum
temperature and pressure in the cylinder can be explained by reduc-
tion of air mass supplied to the cylinder of a normally aspirated
engine resulting in incomplete deficient combustion. The rise of
temperature on the inlet channel and combustion chamber surfaces
causes the reduction of density and, consequently, of aspirated air
mass, particularly during the period of closing the inlet valve.

The reduction of maximum combustion pressure may come also
from the prolongation of combustion time. Alkidas [1,2] reports
that the combustion time in an engine with a heat insulated chamber

Fig. 1. Influence of heat resistance of insulating coatings on piston
heads on combustion indicators; n = 2200 rpm, pe = 0.6 MPa. 

Broken line – values for piston without coating. Fig. 2 Influence of heat resistance of insulating coatings on piston
heads on combustion indicators; n = 2200 rpm, pe = 0.6 MPa. 

Broken line - values for piston without coating.
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may grow due to incorrect mixing of fuel and air in the combus-
tion chamber as a result of reduced air mass and lower speed of
fuel injection to the chamber as well as of elongated injection time.
This interpretation seems to be convincing. Moreover, as shown in
Fig. 1, the application of heat insulating coatings resulted in approx-
imating maximum values of combustion and temperature pressure
to the T.D.C. It corresponds roughly to the differences in angular
variation of self-ignition delay.

The formation of the value of combustion pressure growing
maximum speed (dp/d�)max by the action of heat resistance of
ceramic coatings on the piston heads is convergent with the vari-
ation of maximum pressure and temperature in the cylinder.

Maximum values of the heat evolution indicator and of maxi-
mum speed of heat absorption by a working agent (dXi/d�)max are
lower in case of applying heat-insulating coatings. Also, when the
heat resistance of ceramic coatings increases, the values of these
indicators slightly decrease. It is probably due to incomplete and
deficient combustion of fuel as a result of smaller air mass supplied
to the cylinder. In case of applying the ceramic coatings, maximum
values of Xi are located nearer by the T.D.C., whereas maximum
values of dXi/d� occur further from the T.D.C. It is the conse-
quence of a shorter self-ignition delay period as well as a better evap-
oration and heating of the fuel. Such formation of these values is
advantageous considering the distribution of heat evolution during
the cycle.

The value of determined maximum coefficient of cooling losses
Xch is, as expected, lower in case of applying the coatings. Reduced
carrying away of heat from the agent to the combustion chamber
walls results in the increasing exhaust gas mean temperature.

Figs. 3 and 4 show changes of the engine working parameters
depending on heat resistance of the ceramic coatings deposited
on the piston heads for a rotational speed n � 2200 rpm and two
different values of fuel consumption per hour, corresponding to
low and high engine loadings.

As it is visible, fuel consumption per unit for an engine with the
heat-insulated pistons is higher than in case of a standard engine.
Only for the piston marked by the highest coefficient of heat resis-
tance, fuel consumption was slightly lower within the range of low
engine loading. These results meet other results reported [1, 5, 8,
13]. Generally, the level of exhaust gas smokiness was, at low engine
loading, higher for insulated pistons, except for the piston with the
highest heat resistance coefficient, where the exhaust gas smoki-
ness was slightly lower when compared with a standard piston. In
this case, it may be the effect of improving diffusive mixing effi-
ciency as well as of better utilisation of the air during combustion
process, but also of more intense oxidation of soot at higher tem-
peratures. This conclusion could be confirmed by results achieved
at higher engine loading (Gp � 6 kg/h) – Fig. 4. As shown, lower
exhaust gas smokiness level was noted for all the ceramic coatings.
As was expected, the application of heat insulated heads resulted
in increasing exhaust gas temperature within the whole range of
the engine operational loads.

Generally, for all the insulated pistons, the maximum speed of
combustion pressure growing in the cylinder and maximum com-
bustion pressure decreased. Furthermore, we can see clearly the
relation between the hardness of engine running and the heat resis-
tance coefficient. The higher is the heat resistance of the piston
head insulating coating (less heat flows away from the combustion
chamber through the piston and rings to the cylinder sleeve and
to the cooling system), the lower are values of running hardness
(�p/��). It can result from a lower heat evolution speed during
the first phase of combustion (kinetic combustion) and elongation
of the total combustion period (lower temperature in cylinder).
Such interpretation is justified by the results of measurements of
unburned hydrocarbons emission (increase for pistons with heat
insulating coatings) and nitric oxides (decrease for heat insulated
pistons). The amount of carbon monoxide was slightly higher in
case of the heat insulated pistons.

Fig. 3 Influence of heat resistance of insulating coatings on piston
heads on working parameters of engine; n = 2200 rpm, Gp = 3 kg/h.

Broken line – values for piston without coating.
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The analysis of relations obtained for a lower rotational speed
n � 1600 rpm (Figs. 5 and 6) indicates that, regarding running
economy, the tendencies noted at the nominal rotational speed
remained. However, the effect of the increase of heat resistance of
the piston head material on the fuel consumption increase at high
loads and decrease at low loads is evident.

These results confirm clearly the results achieved by G. Woschni
[12, 13] and others [6, 7]. The reason for such results may be both
more intensive carrying away of heat through the piston head within
the range of higher temperature (high loading) and prolonged com-
bustion period [2].

For two heat-insulated pistons maximum combustion pressure
at high loads reached higher values (at n � 2200 rpm).

Since there is no clear relevance to the heat resistance value,
explanation of this problem on the basis of the present investiga-
tion is not possible. 

4. Conclusion

The presented results of study of the engine with piston heads
covered with ceramic coatings of diverse heat resistance permit to
conclude that:
● Application of heat-insulating coatings did not improve running

economy of the engine, since a general increase of fuel consump-
tion per unit was noted. In one case only, for a piston having the
highest heat resistance coefficient, fuel consumption was lower;
it occurred within the range of low and mean loading.

Fig. 4 Influence of heat resistance of insulating coatings on piston
heads on working parameters of engine; n = 2200 rpm, Gp = 6 kg/h.

Broken line – values for piston without coating.

Fig. 5 Influence of heat resistance of insulating coatings on piston
heads on working parameters of engine; n = 1600 rpm, Gp = 2 kg/h.

Broken line - values for piston without coating.
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● Formation of combustion indicators depends on heat resistance
of the deposited ceramic coatings. The higher the heat resistance
of the layer, the lower the values of maximum combustion pres-
sure and of running hardness (�p/��). It has a connection with
the reduction of heat evolution speed as well as lower maximum
temperature in the cylinder. A self-ignition delay period is shorter
in case of the applied ceramic coatings. The lowest values of
delay were achieved at low values of heat resistance. It can be
caused by reduction of speed and increase of injection time at
higher temperature in the cylinder.

● Application of the heat-insulating ceramic coatings resulted, at
a lower rotational engine speed, in increasing smokiness of
exhaust gas, while, at a nominal rotational speed, smokiness of
exhaust gas was lower. The emission of unburned hydrocarbons
and carbon monoxide increases. It must be attributed to the
incomplete and deficient combustion. Concentration of nitric
oxide in exhaust gas decreased within the whole range of the

engine loading. It is due to the reduction of maximum temper-
ature in the cylinder.

● The temperature of engine exhaust gas grows when the heat
resistance of the heat-insulating ceramic coatings on the piston
heads increases.

● Analysing the influence of the heat-insulating coatings made of
ZrO2 we can also consider a possibility of catalytic effect of this
compound on the combustion process. It could apply particu-
larly to the first phase of combustion – reducing the self-igni-
tion delay.

Notation

Finally, for analysis of the results the following indicators were
assumed:

�s – fuel self-ignition delay, °OWK,
tsp – exhaust gas temperature in the cylinder, °C
pz – maximum combustion pressure, MPa,
pe – mean effective pressure, MPa
Tmax – maximum combustion temperature in the cylinder, K,
(dp/d�)max – maximum speed of combustion pressure growing,

MPa/ °OWK,
�p/�� – mean speed of combustion pressure growing, 

MPa/ °OWK,
Ximax – maximum value of heat evolution indicator,
(dXj/��)max – maximum speed of heat absorption by working

agent, l/°OWK,
Xchmax – maximum value of cooling losses coefficient,
�pz – angle corresponding to the maximum combustion 

pressure, °OWK in relation to TDC
�chmax – angle corresponding to the maximum value of cooling

losses coefficient, in °OWK in relation to TDC,

Fig. 6 Influence of heat resistance of insulating coatings on piston
heads on working parameters of engine; n = 1600 rpm, Gp = 4.5 kg/h.

Broken line – values for piston without coating.
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�Tmax – angle corresponding to the maximum temperature of
the agent in cylinder, in °OWK in relation to TDC

�(dp/d�)max – angle corresponding to the maximum speed of
combustion pressure growing, in °OWK in relation to TDC

�Ximax – angle corresponding to the maximum value of heat
evolution indicator, °OWK in relation to TDC

�(dXi/d�)max – angle corresponding to the maximum speed of
heat absorption, °OWK in relation to TDC
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1. Introduction

Nowadays, Slovak hydro-electric power plants present a signif-
icant source of energy. Beside the fact that they belong to renew-
able resources, they serve as peak power plants. Regarding their
important function in electric power production and relatively high
installation costs, they are constructed in order to feature a long
operating life. However, in some exceptional cases a failure in part
of the energy chain may occur. Breakdowns of the impeller wheel
of a turbine are particularly serious, as their dismantling is very
complicated, time and money demanding and it can cause a failure
of other parts of the power plant, or serious ecology damage.

The paper deals with breakdown of the impeller wheel of
a Kaplan turbine. The nominal performance of the turbine is 36 MW.
The damaged turbine signed as TG2 was operating from April
1998. Till its breakdown the turbine ran for 23557 hours. During
the operation no extreme states were found. The failure occurred
suddenly on the servomotor of the impeller wheel that provided
speed and performance regulation. At the breakdown oil from the
hydraulic circuit of the servomotor penetrated into the area of the
generator. After detecting the failure, the turbine was safely shut
down in compliance with the standards.

The servomotor is placed in the middle of the impeller wheel
and it is composed of the rod, piston, cylinder, tail mechanisms and
hydraulic distribution. The rod together with the piston are firmly
joined to the body of the impeller wheel. The cylinder is double-
acting and with the help of the tail mechanisms it provides the
turbine with vanes coiling. When the secondary regulation is engaged
in operation, the servomotor can get a signal to switch the vanes
in 15 s periods. When the servomotor fails, the turbine loses the
possibility of regulation and there is threat of the machine collapse.
Regarding the servomotor placing, it was necessary to dismantle the
regulator, generator, impeller wheel and also the turbine chamber.

2. Experimental part

To find the reasons of the breakdown, the following procedures
were chosen: dismantling of the hydraulic circuit, dismantling of
the generator rotor, extraction of the impeller wheel, dismantling
of the servomotor, visual checking of the whole wheel and finally,
the analysis of the damaged part material.

Basic operational parameters of the impeller wheel:

Number of operation hours 23557 h
Speed frequency 150 min�1

Number of revolutions to failure 212013000
Impulse of secondary regulation 4 min�1

Number of servomotor throws 35335500
Area of piston 795000 mm2

Pressure of servomotor oil 6 MPa
Maximum force from piston 4771000 N
Rod material StE 500
Weight of piston 915 kg
Piston material St 52-3N
Weight of rod 1434 kg
Nominal stress in rod 63 MPa
Weight of cylinder 3511 kg

3. Visual checking

After extracting the turbine impeller wheel from the chamber
and dismantling its bottom it was found out that the rod of the ser-
vomotor was extruded downwards by about 4.2 cm (Fig. 1). On its
upper part it can be seen that there is a fracture of the whole rod
cross-section just under its flange (Fig. 2). The fracture has a fatigue
character in the constitutive part of its cross-section (Fig. 3), while
the initiation of the fracture was from the gasket and slot from
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various parts over the whole perimeter of the crossing area. The
parts of the damaged gasket (Fig. 4) and forged pieces of metal

caused by the crack growth were on the surface of the fracture. The
thickness of these pieces ranged from 5 to 14 �m (Fig. 5).

Fig. 1 The rod extrusion from bottom bearing Fig. 2 The fracture of the rod under its flange

Fig. 3 The fracture of the rod Fig. 4 The parts of gasket between the rod and the body 
of the turbine rotor

Fig. 5 Forged pieces of the rod Fig. 6 Extruded material on the edge of the vane
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By inspecting the impeller wheel we found out that there are
areas without biological corrosion on the external circumference
of the vanes. It means that the vanes had a direct contact with the
turbine chamber when moving. This presumption is confirmed by
the extrusion of material on the whole circumference of the vanes
(Fig. 6) and by a continuous glossy track created by a mechanic
contact with the vanes (Fig. 7).

By dismantling the servomotor cylinder it was found out that
there is a crack on the piston. The crack is growing in the direc-
tion to the external diameter approximately to the two thirds of
the diameter (Fig. 8). On the crack tip it is visible that the material
of the piston is plastic (Fig. 9). This is typical for crack growing.
On the contact area of the matrix that secures the position of the
piston on the rod and transmits the forces from the piston to the rod,

the maps with a changed surface quality were found out (Fig. 10).
It is typical for contact fatigue.

After complete dismantling of the impeller wheel it was found
out that the rod is damaged by longitudinal lines and there is a large
failure by contact fatigue – pitting (Figs. 11 and 12) on the func-
tional areas of the rod.

On the basis of the visual checking and positive findings it was
possible to state that the fatigue failure of the rod affects more
than 85% of the supporting cross-section and the fatigue fracture
was initiated at various places on the rod circumferences. Mechanic
contact of the vanes with the turbine chamber verifies disalignment
of the impeller wheel with the bearings or it means that there was
an ample allowance in the main bearing. Contact fatigue on the

Fig. 7 The failure of the chamber surface 
of the turbine by wear from vanes

Fig. 8 The crack in the piston of the servomotor

Fig. 9 The detail of the crack end on the piston Fig. 10 Pressing of the matrix surface
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functional areas of the rod and impeller wheel proves that the rod
has a relatively big side oscillation that caused contact wearing and
contributed to the total fracture of the rod. The side oscillation
operated as an additional tension (bending) and it was superimposed
on the longitudinal tension from the piston. The oscillation could
be caused by asymmetry of the loading from the piston or by the
impact of centripetal forces caused by oscillation of the whole
impeller wheel.

The failure of the piston by the crack could be caused by con-
centration of tensions in the slot for spring, by a directed structure
after rolling or by a structural non-homogeneity of the piston mate-
rial. The contact fatigue on the rod matrix verifies a mutual micro
motion between the piston and matrix (pulsating tension) that could
contribute to the origin of additional loading of the piston.

4. Analysis of the material of the damaged part

It was necessary to find out whether there had not been any
substitution for material to find the reason of the damage and failure
of the rod and piston. According to the given agenda, the rod and
the piston were produced from normal, low-carbon steels of stan-
dard quality. 

These analyses were performed in the frame of the experi-
mental part: chemical composition determination, investigation
of mechanical properties, metallographic analysis and micrographic
analysis. Despite the fact that the piston of the servomotor was also
damaged, the paper deals only with the analysis of the damage
and failure of the rod as the primary cause of the breakdown.

5. Analysis of chemical composition

According to the design documentation rod was produced by
forging from StE 500 material and the piston was produced by hot
rolling from St 52-3N material. The specimens extracted from the
failed flange of the rod were used for the chemical analysis. The
chemical composition of the rod according to the norm according
to the certification of a supplier and according to the results of
the chemical analysis is shown in Tab. 1

The results of the given analyses show that the chemical com-
position of the rod corresponds to the norm for StE 500 material
with an exception - the content of copper. Copper as a pearlite cre-
ating element increases air-corrosion resistance and in the listed
content, it should not affect mechanical properties significantly.

6. Mechanical properties

Fundamental mechanical properties of StE 500 steel Tab. 2

Mechanical properties of the rod material according to the
norm for steel StE 500 and according to the supplied certificate
are shown in Tab. 2. From the comparison of these parameters the

Fig. 11 Deep pittings on the functional surface of the rod Fig. 12 Deep and shallow pittings on the functional surface of the rod

Chemical composition of the rod according to the norm and according to the certification Tab. 1

[wt %] C Mn Si P S Cr Ni Mo Al Cu

StE500 0.21 1.0–1.70 0.16–0.60 0.035 0.03 0.3 1.00 0.1 0.02 0.20

Certificate 0.190 1.13 0.25 0.011 0.010 0.05 0.08 0.01 0.025 0.20

Positive 0.225 1.235 0.255 0.013 0.0085 0.045 0.07 0.0095 0.018 0.235

Property Re Rm A Z Specimen
[MPa] [MPa] [%] [%] diameter

[mm]

StE 500 410 570–740 17 – 10

Certificate 438 587 28 57 10
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material should correspond to the requirements of the norm and
to the requirements for the loading intensity. Regarding the fact
that the rod material has a ratio of Rm/Re �1.4, it was assumed
that in the consequence of cyclic loading the hardness would be
slightly increased. This assumption was not confirmed by the hard-
ness and toughness tests.

At the evaluation of the rod material properties, the hardness
of the material was the first property to be investigated. It was nec-
essary to perform a tensile test (manufactured specimen had a diam-
eter of 10 mm) regarding the fact that hardness according to
Brinel reached the maximum values HBS 2.5/62.5/10 � 136, this
corresponds to the tensile strength of 470 MPa and does not cor-
respond to the values given in the norm. The recorded values are
in Tab. 3.

Recorded tensile strength of rod material Tab. 3

From the recorded values it is clear that the measured tensile
strength is lower minimally by 100 MPa than the one declared for
rupture strength Rm and for yield stress Re. It, therefore, means
that the state of the rod material is unsatisfactory.

At the static tensile test, by gradual loading, it was found out
that the cracks appeared on the surface of the tested rod. The cracks
were just under the yield stress. These cracks could be observed
without a microscope. Because of this, the surface of one tested

rod (specimen 3) was polished and observed by a raster electron
microscope after loading. The character of the failure is recorded
in Figs. 13 to 16.

In the area of larger cracks (Figs. 13 and 14) a creation of slip
lines – plastic deformation on the crack tip is observed. The cre-
ation of cracks is probably conditioned by presence of inclusions
in the material structure. These inclusions are non-coherent and
hard. They cracked by loading and they got separated from the basic
material (Figs. 15 and 16) and it means that they served as micro
cracks nuclei.

7. Metallographic analysis

The specimens for the metallographic analysis were extracted
in a way to be characteristic for the microstructure of the steel in
a vertical direction to the surface of the rod flange (cross-section)
and in a parallel to the rod surface (longitudinal section). The spec-
imens were prepared by standard metallographic methods. The
microstructure was evaluated by an optic microscope NEOPHOT
32 (Figs. 17 and 18) and by an electron microscope TESLA BS 343
(Figs. 19 to 22).

Steel structure is irregular, ferritic-pearlitic, created by grains of
different sizes. Pearlite is lamellar in many cases, but it also exists
in a spheroidic shape that corresponds to soft annealing. The size
of ferritic grains is also very different. Moreover, it exists in the shape
of Widmannstätten structure in many cases. Spheroidic pearlite is
created by soft annealing that is realized at heating of material just
under AC1 and leaving it at this temperature for some hours. In
the case of the evaluated rod, a partial spheroidization occurred by
slow cooling of the rod after forging. On the other hand, ferrit in
the shape of Widmannstätten structure is created by rapid cooling

Property Re [MPa] Rm [MPa]

Specimen1 318 484

Specimen 2 316 494

Specimen 3 315 —

Fig. 13 A crack on the surface of the testing rod, REM Fig. 14 A different crack, plastic deformation on the crack tip, REM
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from high temperature that occurs at over-heating over permissible
hardening temperatures. Both processes, i.e. over-heating over hard-
ening temperatures as well as slow cooling contribute to the cre-
ation of irregular grain.

The electron microscope evaluation was focused on the doc-
umentation of the size and shape irregularity of the grains of ferrit
and pearlite and on the evaluation of the shape and occurrence
of inclusion in the structure. The REM evaluation confirmed that
the structure of the material is ferritic-pearlitic, very irregular

(Figs. 19 and 20) and there are grains of a very small (6 �m) size
and of very large sizes (45 �m). 

Pearlite is of a lamellar character in some grains and globular
in others. Sporadically, Widmannstättenic ferrit was observed in the
areas with near by big grains. Except for very irregular grains, inclu-
sions of various shapes and parameters occurred in the structure
(Figs. 21 and 22), while they nearly always had a non-coherent
interface. The separation of inclusions from the matrix is probably
caused by a long-term dynamic loading with a relatively high ampli-
tude (in the relation to fatigue properties of the evaluated steel).

Fig. 15 The separation of an inclusion from basic material, REM Fig. 16 Cracked inclusions on the surface of the testing rod, REM

Fig. 17 Ferritic-pearlitic structure, a longitudinal section, 100x, 
etch. 3% NITAL 

Fig. 18 Ferritic-pearlitic structure, a diagonal section, 400x, 
etch. 3% NITAL
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9. Fractographic evaluation

The specimen for the fractographic evaluation was extracted
in the way to record the place of a supposed beginning of the
crack growth, its gradual progress to the final fracture (Figs. 23 to
28). There were two sources on the evaluated fracture area (Fig. 23)
from where the crack began to grow. In Fig. 23 the source is on
the surface, the second source is superficial (Fig. 24). Most prob-
ably there was a bigger inclusion that served as a crack nucleus.
But we cannot confirm this as the fracture area is damaged by

oxides and pressing on this particular place. The pressing and partial
oxidation was observed on the whole fracture area.

The character of the fatigue fracture area in the direction from
the source to the force fracture is shown in Figs. 25 and 26. The
whole fatigue fracture is characteristics by a transcrystalline fatigue
failure with the occurrence of relatively deep secondary cracks
(Fig. 25). At bigger magnifications typical fatigue signs – striations
were observed (Fig. 26).

Fig. 19 Ferritic-pearlitic structure, a longitudinal section , REM Fig. 20 Ferritic-pearlitic structure, a diagonal section , REM

Fig. 21 The presence of an inclusion in the material structure, 
irregular size of grain, REM

Fig. 22 The detail of ferritic-pearlitic structure with occurrence 
of an inclusion, REM
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The area of fracture is characteristics with a transcrystalline
ductile failure with dimple morphology (Figs. 27 and 28), while
the dimples were very heterogeneous which is related to the mate-
rial heterogeneity. Big dimples correspond to ferrit, small dimples
are pearlitic.

10. Conclusion

From the manifestation of the failure and appearance of func-
tional surfaces of individual parts of the rod and piston results

that the rod was loaded by additional loading – probably by bending
– that caused the failure of the functional areas of the rod and
impeller wheel by contact fatigue. Apart from the above mentioned
the rod has an unsatisfactory geometry of the gasket slot under the
flange. The vanes of the impeller wheel had a mechanical contact
with the turbine chamber. It means that the turbine did not have
perfect bearings.

On the basis of the experimental evaluation of the state of the
rod material from the impeller wheel of a TG2 turbine it is possible
to state that according to the recorded chemical composition the

Fig. 23 The beginning of the crack growth – one of the sources, REM Fig. 24 The detail of a sub-surface source, REM

Fig. 25 The character of fatigue fracture area further from 
the source, REM

Fig. 26 A transcrystalline fatigue failure with the occurrence 
of striations and cracks, REM
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rod material corresponds to the quality of StE 500 steel (Tab. 1),
but its tensile strength reaches the values Rm � 489 MPa a Re �
317 MPa, i. e. by 100 MPa lower than the norm for StE 500 steel.
This is inaccessible for the use.

The metallographic evaluation shows that the microstructure
of steel is irregular, ferritic-pearlitic created by grains of various
sizes (Figs. 17 to 22) while pearlite is lamellar in many cases but it
appears also in a spheroidized shape and in many cases in Wid-
mannstätten structure. It results from these facts that the inadmis-
sible state of the structure was caused by wrong the heat regime at
the production. The inclusions occurring in the structure were
separated from the basic material and they operated as the crack
nuclei (Figs. 15 and 16). At mechanical loading, the cracks were
created around the inclusions at the tension just over the yield
stress.

The fatigue fracture started from several sources on the rod cir-
cumference which is related to the inconvenient structure and state

of the material (Figs. 23 to 26). The fatigue fracture is character-
istics by a transcrystalline fatigue failure with ductile and fragile
striations (Figs. 25 and 26) while there are many secondary cracks
on the fatigue fracture area. The area of force fracture is character-
ized by a transcrystalline ductile failure with dimple morphology
while the dimples have a very distinct diameter (Figs. 27 and 28).

The individual findings lead to the following conclusions. The
failure of the impeller wheel was cause by:
– a failure of the rod construction (high values of local tensions)
– a failure of material (strength characteristics lower by 20% than

the norm)
– an mistakes at installation (vibrations and oscillation of the whole

impeller wheel).

This work has been supported by the Scientific Grant Agency
of the Ministry of Education of the Slovak Republic and Slovak
Academy of Sciences, grant No. 1/3155/06

Fig. 27 The area of fracture, a transcrystalline ductile failure with
dimple morphology, REM

Fig. 28 The area of fracture – big dimples are ferritic, small are
pearlitic, REM
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1. Introduction

Necessary mechanical energy needed for initiation of self-depen-
dent combustion engine work is transferred by crankshaft driving
using an electrical starter supplied from the accumulator in modern
vehicles. Initiation of the engine start-up begins when the operator
applies voltage at the starter. Interconnection of the pinion with
the flywheel gear ring of engine crankshaft circle occurs. Passing
from standstill to motion state of elements and groups of engine
needs overcoming a great resistance of static friction forces from
the electric starter. Later the engine start-up resistant moment has
less value than at the starting point of the movement. This moment
is characterized by significant variability connected with kinematics
of the pistons to-and-fro motion and changeable pressure during
air-fuel mixture compression and expansion in the engine cylin-
ders [3, 4, 5].

Changes of values of static resistant moment and start-up resis-
tant moment influence the current run input by the electric starter
during start-up of the combustion engine. On the beginning of the
engine start-up the maximal value of current intensity input by the
electric starter (with electric power 3–4,5 kW) can exceed 300 A.
During the next stage of start-up current intensity drops more than
twice. Overloads observed in the vehicle electric power system are
the results of high value of current intensity input by the electric
starter. The voltage drops corresponding with them can cause
abnormalities in the vehicle electronic systems work. The value of
current intensity input by the electric starter during the engine start-
up depends on many factors such as: technical state of the engine
start-up system, state of the accumulator load, properties of lubri-
cant, the length of pauses in the vehicle operation, engine tem-
perature etc. [1, 3, 6].

The user of the vehicle has an influence on some of these
factors but most of them are relative only to external conditions

of the vehicle maintenance. It seems very important to find the
answer how the vehicle maintenance conditions influence working
electric parameters of the starter during the combustion engine
start-up. It is not only important for a vehicle operator but, first of
all, for a designer of modern combustion engine start-up systems.
This article presents the results of investigations made during the
engine maintenance.

2. Research methodology

The researches included the 443 115 142 723 starter produced
by the Czech company MAGNETON. It is an electric series motor
designed for a short-term operation. The pinion of the starter
which initiates the motion of the engine crankshaft circle is drown
out electromagnetically by a switch with two windings: retracting
and supporting. When the starter is switched on both windings
work. When the current flows along the starter winding the retract-
ing winding is switched off. Constant work of the starter cannot
be longer than 5 seconds. Maximal current input by the starter is
140 A and minimal rotational speed is 5000 rpm during a test
without loading. On the other hand current input by the starter is
550–600 A, minimal rotational speed is 1500 rpm and voltage
drop on the starter clamp is 10V during a test with loading. The
chosen technical data of the starter are shown in tab. 1.

The investigation starter is installed in the 4-cylinder diesel
engine 4CT90. This engine is produced by the engine factory
“Andoria” located in Andrychów, Poland. The engine displacement:
indirect injection, 2.417 dm3, stroke/diameter 95/90, maximum po-
wer: 63.5 kW at 4100 rpm, maximum torque: 195 Nm at 2500 rpm.
This engine was equipped with the injection pump MOTORPAL
Jihlava type PP4M7P1g 3176, produced in the Czech Republic.
The 4CT90 engine is installed in a delivery truck (maximum
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COMBUSTION ENGINE START-UP
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authorized total weight  3.5 t) LUBLIN III. The investigated
vehicle was maintained by the Polish Post in Lublin Province during
spring, summer and autumn seasons.

A special recorder was constructed to register selected para-
meters of LUBLIN III operation and activity of the 4CT90 engine
and its starter. The following parameters were recorded: time and
date of switching on electrical supply in the vehicle, number of
crankshaft revolutions and drive shaft, pressure and temperature
of the engine oil, coolant temperature, toothed bar position of the
injection pump. The starter electric parameters were recorded: inten-
sity of the current consumed by the starter at the engine start-up
and voltage applied at the starter. The current consumed by the
starter as well as voltage at the starter were recorded every 25 ms
from the very beginning of the engine start-up cycle, after the
value of the starter current had exceeded the threshold (50A). All
the parameters were transferred to a PC computer where they were
processed by the programme converting raw data into text-saved
measurement results. Then they were transmitted to other com-
puter programmes to analyse the data [2].

3. Statistical analysis of experimental results

The results of the research on selected parameters of the
LUBLIN III vehicle operation, the 4CT90 engine start-up and

electric parameters of its starter were analysed by a computer pro-
gramme STATISTICA. The following electric and working para-
meters of the investigated starter: maximal current intensity (Imax

in A) in a first step of start-up, voltage (Umax in V) at the maximal
current intensity, power (Pmax in W) consumed by the starter at
the maximal current intensity, mean current intensity (Imean in A),
which occurs when the starter drives the engine crankshaft during
the start-up, mean voltage (Umean in A)and mean power (Pmean in
W), time (tstart in sec) of the engine start-up and time (twork in sec)
work of starter were distinguished.

The time of the engine start-up is stated from the moment of
applying the voltage on the starter to the moment when current
intensity input by the starter reaches the value which appears during
work without loading. The time of the starter work is connected
with time of applying the voltage at the starter.

The histogram of maximal current intensity Imax in the first
step of start-up is presented in Figure 1. This bar chart was approx-
imated using an extreme value distribution with the following coef-
ficients: position – 292.74; scale – 46.392. Fig. 2 presents a bar
chart of the mean current intensity Imean , which occurs when the
starter drives the engine crankshaft during the start-up. This bar
chart was approximated using the extreme value distribution with
the following coefficients: position – 144.33; scale – 3.004.

The histogram of power Pmax consumed by the starter at the
maximal current intensity is presented in Figure 3. This bar chart
was approximated using a lognormal distribution with the following
coefficients: scale – 7.806; shape – 0.1379. Fig. 4 presents the bar
chart of the mean power Pmean consumed by the starter, which
occurs when the starter drives the engine crankshaft during the
start-up. This bar chart was approximated using the normal distri-
bution. 

The histogram of time of the engine start-up tstart is presented
in Fgure 5. This bar chart was approximated using an extreme value
distribution with the following coefficients: position – 0.3275; scale
– 0.0874.

Further part of the data analysis deals with preparing the matrix
of the correlation coefficients r between the specified starter para-

Nominal voltage [V] 12

Nominal power [kW] 3

Moment on pinion [Nm] min 44.1

Rotations on nominal Power [rpm] 1700+100

Voltage on „30” starter clamp on nominal power [V] 10

Current of starter without loading [A] 140

The direction of rotations Right 

Wright [kg] 5.3

Number of teeth in pinion [–] 9

Module pinion pitch [–] 3

Technical data of the starter 443 115 142 723 Tab. 1 
company MOTORPAL

Statistical parameters of analyzed variables Tab. 2

Random variable Mean value Standard Median Mode Mean Skewness Kurtosis Maximal Minimal
deviation error value value

Max current Imax [A] 318.15 52.73 314.00 286.00 1.565 0.354 �0.399 484.00 188.00

Max voltage Umax [V] 7.84 0.60 7.86 7.86 0.017 �0.225 0.146 10.20 6.00

Max power Pmax [W] 2477.70 341.14 2449.44 2350.92 10.126 0.304 0.000 3801.60 1515.00

Mean current Imean [A] 146.25 5.05 145.00 146.00 0.178 3.046 13.219 180.;00 139

Mean voltage Umean [V] 9.32 0.36 9.36 9.44 0.012 �0.446 0.572 10.39 7.72

Mean power Pmean [W] 1362.56 55.06 1363.68 1368.80 1.945 �0.057 0.996 1582.63 1134.84

Time tstart [sec] 0.379 0.165 0.350 0.350 0.004 5.284 38.238 0.100 2.300

Time twork [sec] 0.487 0.206 0.425 0.400 0.006 3.830 23.307 0.125 2.700
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meters and the other chosen engine and vehicle parameters. The
following engine and vehicle parameters: temperature of cooling
agent (Tagent in °C) at the moment of the engine start-up, time of
the engine operation (toper in min) before its next start and the
length of pauses in the vehicle operation (tpause in min), when the
4CT90 engine is switched off were chosen to calculate the corre-
lation coefficients.

Figures 6-9 show scatter diagrams for chosen variables with
the equation of regression function, for which the correlation coef-
ficients r �  0.4 which indicates a significant correlation between
the analysed variables.

Figure 6 presents scatter diagrams for the maximal current
intensity Imax in the first step of start-up and power consumed
Pmax by the starter and linear function of regression with the con-
fidence interval for forecast mean observation with a prediction
interval for single observation for the declared confidence level

Fig. 1 Statistical distribution of maximal current intensity Imax 

in first step of start-up
Fig. 2 Statistical distribution of mean current intensity Imean , which

occurs when starter drives engine crankshaft during the start-up

Fig. 3 Statistical distribution of power consumed Pmax by the starter 
at the maximal current intensity

Fig. 5 Statistical distribution of the engine start-up tstart

Fig. 4 Statistical distribution of power consumed Pmean by the starter,
which occurs when starter drives engine crankshaft during the start-up
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95%. Statistical analysis using Statistica computer programme
(declared significant level � � 0.05) showed that the random error
of estimation for slope of the straight line is equal 0.091 and 
t-Student statistics (t � 62,58). The mean random deviation of a free
term estimation is equal to 29.357, the value of t-Student statistics
(t � 22.660). The critical significant level �kr is to equal 0.00 in
both cases. It shows that the point estimation of regression coef-
ficients is statistically significant. The value of the coefficient of
determination r2 is high and equals to 0.7756, which proves that
the line function of regression fits well to the data.

Also the relationship between the mean current intensity Imean

and the mean power Pmean , which occur when the starter drives
the engine crankshaft during the start-up seems to be linear what
is shown in Fig. 7. The random error of estimation for slope of
the straight line is equal to 0.3446 and the t-Student statistics 
(t � 14.092). The mean random deviation of a free term estimation
is to equal 50.4198, the value of t-Student statistics (t � 12.940).
The critical significant level �kr is equal to 0.00 in both cases. It
shows that the point estimation of regression coefficients is sta-
tistically significant. Unfortunately the value of the coefficient of

determination r2 is low and equals to 0.1990 which testifies weak
variability of the mean power Pmean line regression model. The
values of analyzed parameters (Imean and Pmean) which occur during
the first daily engine start-ups (if Imean � 155 A) indicated influ-
ence on regression dependency for these parameters.

The influence of values of the analyzed parameters which occur
during the first daily engine start-ups is also observed in the rela-
tionship between the variable representing the engine thermal state
(temperature Tagent) and the mean current Imean which occurs when
the starter drives the engine crankshaft during the start-up. The
value of the correlation coefficient rTagent,Imean � �0.69. It means
that as the engine start-up temperature grows the movement resis-
tance drops. Figure 8 shows scatter diagrams for the temperature
of the cooling agent Tagent at the moment of the engine start-up
and the mean current intensity Imean , which occurs when the starter
drives the engine crankshaft during the start-up and the polynomial
regression function. The statistical analysis showed that the mean
random deviation of the free term estimation is equal to 1.632, with

Fig. 6 Scatter diagram for the maximal current intensity Imax in first
step of start-up and power consumed Pmax by the starter

Fig. 7 Scatter diagram for the mean current intensity Imean and mean
power Pmean , which occur when starter drives engine crankshaft during

the start-up
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the value of t-Student statistics (t � 114.78). The mean random error
for the regression coefficient is equal to 0.000011 when (Tagent)

3,
with the value of t-Student statistics (t � �9.5302). The mean
random error for the regression coefficient is equal to 0.00195
when (Tagent)

2, with the value of t-Student statistics (t � 11.6980)
and the mean random deviation of estimation for the slope of the
straight line is equal to 0.1052 when Tagent , with the value of t-
Student statistics (t � �15.9818). The critical significant level �kr

is equal to 0.00 in these cases. The estimation point of the regres-
sion coefficients is statistically significant. The value of the coef-
ficient of determination r2 is high and equals 0.6451, which leads
to the conclusion that the polynomial function of the regression
fits the data well. 

The correlation coefficient rTagent,tstart � �0.59 between the
variable representing the engine thermal state (temperature Tagent)
and the variable describing the time of its starting tstart shows,
which seems to be evident, that as the start-up temperature increases,
the engine needs less time to start to operate independently at idle
running. It is the result of the first spontaneous ignition of the
fuel-air mixture in the engine cylinder. The scatter diagram with
the regression curve for the temperature of the cooling agent Tagent

at the moment of the engine start-up and the engine start-up time
tstart shown in Fig. 9 confirms that regularity. The mean random
deviation of the free term estimation is equal to 0.0632, with the
value of t-Student statistics (t � 23.00). The mean random error
for the regression coefficient is equal to 0.00001 when (Tagent)

3,
with the value of t-Student statistics (t � �5.6092). The mean
random error for the regression coefficient is equal to 0.000073
when (Tagent)

2, with the value of t-Student statistics (t � 7.0154)
and the mean random deviation of estimation for the slope of the
straight line is equal to 0.0039 when Tagent , with the value of t-
Student statistics (t � �10.0395). The critical significant level �kr

is equal to 0.00 in these cases. It shows that the point estimation
of the regression coefficients is statistically significant. The value

of the coefficient of determination r2 is average and equals 0.6451,
which leads to the point that the polynomial function of regres-
sion fits the data satisfactorily.

The engine start-up time tstart is connected with the mean
current Imean which occurs when the starter drives the engine
crankshaft during the start-up. The value of the correlation coeffi-
cient rImean,tstart is equal to 0.53. It is obvious that this connection
is the result of the engine thermal state during the start-up. The
decisive parameters that influence the engine thermal state are
pauses in the vehicle operation tpause , when the 4CT90 engine is
switched off. It’s shown by the correlation coefficient rtpause,Tagent �
� �0.71. The mean current Imean and the time of engine start-up
tstart are relative to the pauses in the vehicle operation tpause , when
the 4CT90 engine is switched off. The correlation coefficients
rtpauset,Imean is equal to 0.70 and rtpauset,start is equal to 0.65. The
influence of the pauses in vehicle operation tpause at the engine
start-up time tstart is shown in Fig. 10.

The statistical analysis showed that the random error of esti-
mation for the slope of the straight line is equal to 0.00003, with
the t-Student statistics (t � 23.1154). The mean random deviation
of the free term estimation is equal to 0.004242, with the value of
t-Student statistics (t � 83.2188). The critical significant level �kr

is equal to 0.00 in both cases. It shows that the estimation point
of the regression coefficients is statistically significant. The value
of the coefficient of determination r2 is insignificant and equals
0.3241, which provides the fact that the line function of regression
doesn’t fit the data. It is the result of the engine first daily start-ups
which appear after at least 7 hours’ pauses in the vehicle opera-
tion tpause , when the 4CT90 engine is switched off.

Finally we should remark that the intensity of the mutual con-
nections between the specific starter parameters and other chosen
variables of the engine 4CT90 and LUBLIN III vehicle depend on
the analyzed parameters occurring during the first daily start-ups.

Fig. 9 Scatter diagram for the temperature of cooling agent Tagent at the
moment of engine start-up and engine start-p time tstart

Fig. 8 Scatter diagram for the temperature of cooling agent Tagent at the
moment of engine start-up and mean current intensity Imean , which

occurs when starter drives engine crankshaft during the start-up
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4. Summary

Taking into account the correlation and the regression statis-
tical analysis of the results of 4CT 90 engine start-up maintenance
investigations we can state:
1. The crucial factor of vehicle work, influenced by the thermal

state of the engine, the electrical parameters, is the time of
pauses in vehicle operation, when the engine is switched off.

2. Proper organization of LUBLIN III vehicle trips and short time
of pauses in the vehicle operation, when the engine is switched
off, results in the fact that high temperatures occur of 4CT90
engine start-ups. That is why short start-up times are common
and we can observe only unimportant overloads in engine
start-up system.

3. The first daily start-ups are the separate group of start-ups which
influence the correlation and the regression connections
between the vehicle maintenance conditions and the electric
starter parameters. The electric overloads during first daily
start-ups are rather long and have the highest possible values.

Fig. 10 Scatter diagram for the length of pauses in a vehicle operation
tpause , when the 4CT90 engine is switched off and engine 

start- up time tstart
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1. Introduction

The wheel/rail geometry is one of the main parameters dra-
matically influencing track forces and vehicles dynamic. The result-
ing wheel geometry in service conditions depends upon the new
assumed profile, the track geometry distribution, the creep coeffi-
cients and forces, the rail average material and mechanics, the wheel
material and mechanics, the lubrication. The evolution of wheel
profile used to be validated in exemplar application cases, on the
basis of available results or through dedicated measuring campaign.

In the article we will deal with the railway wheel/rail contact
from the point of view of wheels and rails profiles geometry.

2. Railway wheel/rail contact in the frame of railway
vehicles interoperability request

Problems of the railway wheel /rail contact represents a basic
point of any analysis which is connected with the moment of
a railway vehicle on a track, with safety, speed, with comfort of
people and goods transport.

It is connected with the construction of new railway vehicles,
with the reconstruction of the old ones, with the approval (refusal)
of vehicles into operation, with their evaluation as well as with the
evaluation of track quality and their maintenance. It has a direct
influence on the position of rail transport in the frame of the whole
transport system, on economics, ecology and so on.

Profiles shapes (we understand a profile curve course which
a rail and wheel have in a lateral cross section, or at a rail in a cross
section which is perpendicular on the rail axis and at a wheel with
a plane which is crossing the wheel centre point and which is per-
pendicular on a plane of a wheel lateral cross section) as we know
them today have been developing since the beginning of railway.

The shape of wheel tread and rail head profiles has been devel-
oped together with the satisfaction of needs on the goods and
people transport when looking at the enhancement of wheelset
loading for heavy haul transport and speed for passenger and heavy
haul transport as well.

Nowadays several basic wheels and rails profiles types are used
on various European railways. It depends on a specific railway
company of the given country whether one type of rails equipped
with a standardised profile or several types of profiles are used in
its railway corridors.

The aim of each railway company is (or should be) that the
wheel/rail contact couple provides the best presuppositions for
a smooth, safe (stable) and quiet vehicle running on a track with
a minimum wheels and rail wearing, with a minimum negative force
influence of a wheel on the track.

The fact that various types of rails with different types of pro-
files, with different slopes are used at separate companies compli-
cates the situation. The track gauge complicates it to a smaller
degree.

Today there is an extremely up to date need for the security of
vehicles interoperability in its greatest extend in order to use in
reality one of the greatest advantages of railway transport (economic
transport of a huge volume of goods over long distances). The ful-
filment of the need places a higher requirement on the sphere of
usage (design or choice of the right, for the given railway company
so -called optimum profile).

It arises from the variety of inputs and transport needs of sep-
arate railway companies that it is not easy at all to find one profile
which solves all the problems. 

It is possible to use a proved and verified standard in a higher
degree when building new modern tracks and railway corridors.
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As a result of real conditions of a railway track in certain Euro-
pean regions at specific utilisation (the way of operation, loading,
accessibility, simplicity and economic demands for the track main-
tenance), it has a sense to adapt, for example, a wheels profile to
rail head profiles or for a certain track type to vehicles equipped
with a certain wheels profile to find a rails profile which improves
a mutual vehicle/rail interaction.

In order to declare a profile or a couple of profiles (wheel/
rail) for a better one than another profiles couple, it is necessary
to analyse both the existing and new state on the base of unam-
biguous criteria.

Such input criteria, after fulfilment of which verification in
operation must of course follow, are geometrical characteristics.

When assessing characteristics in the article we take into con-
sideration neither the wheelset rotation around its axis which can
happen at a lateral movement of a wheelset in a rail, nor the
wheelset angle of attack; their influence in this case seems to be
of minimum importance [4, 5].

3. Wheel and rail profiles geometry analysis

The geometric shape of theoretical wheels and rails profiles is
usually defined in a table way, with radii (and centres) of to each
other linked arcs, or by functional dependence of a vertical pro-
files points position with regard to the lateral coordinate y.

The profiles acquired from the measurements have a base in
points which are determined with couples of coordinates. It is
often necessary to smooth such profiles for further assessment.

The role of the smoothing is to keep the profile geometry char-
acteristics and to minimize influence of possible imperfections of
measurements. Theoretical profiles are not smoothed. Profiles and
arcs radii values from which the profiles are created with regard
to the lateral coordinate y are graphically depicted in Fig. 1 and
Fig. 2. Theoretical profiles: wheel profile DIN5573 (marked S1002)
and rail UIC60 are analysed separately in the figures.

In Fig. 3 there is a course of theoretical wheel profile arcs
radii values of S1002 in the contact points with regard to wheelset
lateral movement y.

Fig. 1 Course of theoretical wheel profile arcs radii values of S1002 with regard to a lateral profile coordinate y 

Fig. 2 Course of theoretical rail head profile arcs radii values of UIC60 with regard to a lateral profile coordinate y
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4. Wheelset and rail geometric characteristics

Wheelset and rail geometric characteristics help to specify the
geometric binding of a wheelset and rail. With the help of them, it
is possible relatively quickly to assess some parameters of the binding
which help to estimate as a vehicle or better to say a wheelset can
behave in a real operation.

Under the name of geometric characteristics we understand
the following: contact points distribution between a wheel and rail at
a lateral movement of wheels profiles of a wheelset over rail heads
profiles, delta r function, tangent gamma function and equivalent
conicity function. The basic presupposition for the characteristics
evaluation is detailed knowledge of a wheel and rail profiles geo-
metric shape.

To make the information complete, it is necessary to mention
separate geometric characteristics. On the base of their shape we
will suggest a railway wheel profile shape (to the given rail profile)
or a rail head profile shape (to the supposed railway wheel shape).

They are as follows:
Contact points between the wheel and rail determine the contact

points position at a wheel profile lateral movement over the rail
profile. If we can presuppose that left and right wheel profiles (as
well as rail profiles) are identical, the final curve course is sym-
metrical with regard to the rail axis.

Delta r function is a difference between an instant diameter of
running of one wheel of a wheelset and instant diameter of running
(course) of other wheel of a wheelset at the lateral movement of

a wheelset on a rail. The Delta r function course shape indicates the
rotating tendency of a wheelset at its lateral movement in a rail or
kinematics running ability of a wheelset through the track arc.

Tangens gamma function is a difference between the value of
the normal line tangent angle of the tangential contact area in the
contact point and vertical axes of a rail. It determines the rate of
binding intensity which comes back the wheelset after its lateral
deviation into a centred equilibrium position on the rail. The tangent
gamma function has (like the delta r function) anti-symmetrical
course for the same wheels and rails profiles and it crosses the
horizontal coordinate axis in its zero point.

Equivalent conicity is the reference conicity which equals the
curving profile of a wheel when taking into consideration the ampli-
tude of a coned wheel movement. According to the definition of
UIC519 it is such conicity of a simple cone wheelset profile which
the wheelset should possess in order to have the same kinematics
characteristics as a wheelset with a curved profile at a certain
oscillation amplitude.

It is possible to find more detailed information about separate
characteristics, their definitions, meaning and the way of calcula-
tion under various possible conditions in references [4, 5, 6, 9, 21]
of the article.

5. New optimum profiles statement

It is not possible to state a generally optimum profile for all
types of tracks and railway wheels. The main reason is that in oper-
ation there are tracks with various gauges, various rail heads pro-
files on which vehicles with various railway wheels profiles move.
Vehicles move at various speed, with various wheel forces, they trans-
port various goods and more over we require various kinematics
behaviour. That is why it is very difficult to state unambiguous cri-
teria which we could define and compare when taking into account
all vehicles.

We have chosen geometric characteristics of a railway wheelset
and rail, we will state our optimum real or rail profile on the base
of their specific shape.

5.1 Criteria for the search of an optimum profile

We have stated the following conditions as criteria for opti-
mizing process:
● delta – r function shape without jump change of the course,
● requested equivalent conicity,
● fluent distribution of contact points on the wheel and rail surface,
● exclusion of two- point- contact

The difference function course shape (delta-r) without jumps
indicates continual increase in lateral forces in the wheel and rail
contact point without kick bounces and additional dynamic excit-
ing of the vehicle mechanical system. This phenomenon is shown
on the value of safety against derailment.

Fig. 3 Course of theoretical wheel profile arcs radii values of S1002 
and rail UIC60 in the contact points with regard to wheelset 

lateral movement (y)
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The size of instant equivalent conicity value is connected with
the size of wavelength of periodic oscillation movement which
a wheelset performs. A low conicity value presupposes a higher
wavelength value. Sufficient wavelength size is extremely important
for a high-speed railway operation. The size of equivalent conicity
is projected into the stability of vehicle movement and riding comfort
of passengers.

The determining value of equivalent conicity is stated at the
movement amplitude of 3 mm.

Contact points distribution across the profile has a crucial influ-
ence on wearing (resistance against wearing) of wheel and material
and at the same time the geometric stability of their profiles.

From the nature of the way of geometrical characteristic eval-
uation it is clear that it is not possible to suggest profile geometry
directly on the base of contact points position setting. Various
authors [1, 17, 20, 23] have applied various procedures where con-
tinual profile shape modification on the base of a geometric char-
acteristic was the starting point.

5.2 Profiles creation method through arcs 
radii profile variation

We used the method of arcs radii profiles variation for the cre-
ation of new profiles which are suitable for the given criteria.

The base of the activity is an interactive attitude which is
based on the modification of the original shape defined by parts
of railway wheel profile with to each other linked exactly defined
arcs radii which can be changed according to the need for the
final geometric characteristics shape.

5.2.1 Arcs radii profile variation

The basic procedure is as follows:
1. We have the profile of the rail of UIC 60 1:40.
2. We have a requested shape of geometric characteristics: it is

low equivalent conicity � 0.05 in the given case.
3. We choose a “suitable” wheel profile: we will choose the up

to now used profile of S1002.
4. We perform numerical division of the whole existing wheel

profile in order to obtain simple geometric parts, (depicted in
Fig. 4).

5. We create the radii function R(y) (in dependence on the lateral
wheel profile coordinate), (depicted in Fig. 5).

6. We set the starting conditions in the equation (10): in the
given example, it is the first derivation = tangent value in the
starting point � 0.05.

7. We change the selected radius (from the original S1002 profile
radii) and compute the equation (3).

When the new profile is derived, the geometric characteristics
are evaluated and the results are assessed. If the results meet our

Fig. 4 Wheel geometry profile radii setting 
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expectations, the profile is accepted, if the results do not fulfill our
expectations, the selected radius (radii) is (are) changed and com-
putations have to continue. In this case, there is a need for knowl-
edge and for experience and skills in the radius selection and radius
value for the determination of the change.

5.2.2 Profile creation on the base of the given
functional dependence of radii depending 
on the coordinate y

Nyström method which is described in the relationship from
4 to 7 was used for the solution of the differential function (3)
arising from the relationship for curvature. Its application for the
solution of the function (3) is in relationships (8) and (9). The
starting conditions are defined in the equation (10).

The radii function R depends on the lateral movement y, z is
a vertical profile coordinate.
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kn are auxiliary variables for determination of profiles points ver-
tical coordinate,

h is computational step, we used h � 0.005 mm.
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An application of Nyström method for the solution of the
equation (3)
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z�0 � tg profile tangent slope

The initial condition secures that the beginning of the profile
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Fig. 5 Arcs radii values course of the suggested wheel profile
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of the nominal wheel radii circle and the profile crosses the begin-
ning.

The first z�0 coordinate derivation determines the tangent value
of the profile tangent slope in the point [y0 , z0]. The profile is
created by the solution of the differential equation (3) continually
from the point [y0 , z0] to the left side and then from the point 
[y0 , z0] to the right side.

5.2.3 Results of application of the chosen method

The wheel profiles (NEWRAD) corresponding to our needs
thanks to their properties were created on the base of the chosen
input parameters at the defined optimizing criteria.

5.3 Arcs radii profile variation for the creation 
of an outer rail profile for a track in a left arc

It is possible to create a rail profile (NEWRAIL) in the similar
way like the wheel profile (NEWRAD) was created. Let us supposeFig. 6 Profiles radii NEWRAD and UIC60 at contact points

Fig. 8 Delta r function for the profiles 
combination NEWRAD/UIC60/1:40/1435

Fig. 9 Tangent gamma function for profiles
combination NEWRAD/UIC60/1:40/1435

Fig. 10 Equivalent conicity function for the pro-
files couples NEWRAD/UIC60/1:40/920/1435

Fig.7 Contact points at profiles combination NEWRAD/UIC60/1:40/1435 with marking of contact points interval at a wheelset lateral movement in
a rail with amplitude of 3 mm
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that it is necessary to create an outer rail profile for a track in a left
arc in order to fulfil the basic criteria.

We require the following criteria for the new profile: fluent
distribution of contact points at a wheelset lateral movement in
a rail, no jump course changes of the difference delta r function, low
equivalent conicity, the best possible wheelset kinematics move-
ment ability even in the case of small arcs at a small lateral move-
ment, exclusion of two-point-contact. The principal objective of
the activity is similar to the one at the wheel profile, it is an inter-

active attitude based on the modification of the “original shape”
which is defined by rail profile parts with to each other linked exactly
defined arcs radii. It is possible to change the radii size according
to the need of a final geometric characteristics shape. The basic
profile is divided into parts with precisely defined geometry (radius).
The radii function which is dependent on (see part 3) is created.

We will modify the function. The differential equation (3) is
solved. We set the initial conditions which place the profile into
the beginning of the coordinate system and tilt it in this point
according to our needs. We calculate the points position of the new
profile. We calculate the geometric characteristics. If the shape of
the characteristics is not suitable we modify the radii function and
repeat the procedure.

INNERRAIL is an inner rail, NEWRAIL is an outer rail of
the track. We suggest and analyse the profile for the outer rail.

It is clear from Fig. 17 that the wheel equipped with the S1002
profile can move in a kinematic way through the rail arc radii with
an outer rail profile NEWRAIL with the value of approximately
600 m. This happens at the given configuration already at zero
lateral displacement. It can move in a kinematic way through the
radius smaller than 150 m at lateral displacement of 5 mm. It is not
possible when combining the wheel profile S1002 and the profile
UIC60 (Fig. 18).

Fig. 11 Dialog window for geometry radii setting of separate rail profile parts

Fig. 12 Depiction of rail head profile arcs at contact points
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Fig. 13 Profiles and profiles radii NEWRAIL and INNERRAIL

Fig. 14 Depiction of wheelset contact points with profiles S1002 and rails profiles INNERRAIL a NEWRAIL
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Fig. 15 Detailed view of wheelset contact points distribution with profiles S1002 and rail profiles

Fig. 16 Delta r function for the given profiles configuration Fig. 17 Delta r function with marked radii for a kinematic movement
through a track arc for the rail profile NEWRAIL and wheel profile

S1002

Fig. 18 Delta r function with marked radii for
a kinematics movement through a track arc for
the rail profile UIC60 and wheel profile S1002

Fig. 19 Tangent gamma function for the given
profiles configuration

Fig. 20 Equivalent conicity
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The tangent gamma function in Fig. 19, similarly like the delta
r function, has the horizontal axis cross section point shifted
against the beginning of the coordinate system.

6. Conclusions

The article deals with one of the ways of profile geometry
design of the railway wheel and rail, or rail head profile on the
base of the chosen criteria. On the base of the geometric charac-
teristic shape definition we suggested a railway wheel profile shape
(to the given rail profile) NEWRAD and a railhead profile shape
(to the supposed railway wheel shape) NEWRAIL.

So from the above mentioned arises that the wheel profiles
NEWRAD with characteristics according to Fig. 7–10 and the rail
head profiles NEWRAIL with characteristics according to Fig. 14–
–20 (excluding Fig. 18) are the solution for the following criteria:
fluent distribution of contact points at the wheelset lateral move-
ment in a rail, no jump course changes of the difference delta r
function, low equivalent conicity, the best possible wheelset kine-
matics movement ability even in the case of small arcs at a small
lateral movement, exclusion of two-point-contact.

The profiles on the base of the assessed characteristics repre-
sent an approach to an optimum solution for certain presupposed
operational conditions and required manner of vehicle running.

A profile with different geometry will be a result in a case of
change of initial parameters which can be represented, for example,
by a change of geometry of one from contact couple profiles or
a change of vehicle operation manner (a need for different equiv-
alent conicity).
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1. Introduction

Due to the stringent demands on the quality of rolled sheets
it is necessary to gradually modernise rolling trains. An important
role in every rolling mill train is played by the working rolls whose
quality also determines the final quality of products, their cost
and output of the rolling mill train. The finishing lines of the wide-
strip rolling mill trains consist of six-seven stands. In the pass, the
finishing line used cast iron rolls with a non-specified hardened
working layer. The use of these rolls had a number of disadvantages
[1], [2]:
– high specific consumption of rolls per unit mass of rolled mate-

rial;
– reduced hardness of the surface of the body of the roll and asso-

ciated negative effect on the dimensions and surface quality of
the rolled strips.

Because of this it was necessary to find and use rolls of higher
quality. The cast iron rolls with the hardened layer were replaced
by centrifugally cast rolls with a higher chromium content.

2. Cooling working rolls

After introducing the rolls it was necessary to pay special atten-
tion to cooling the rolls. This is associated with utilisation of the-
oretical information on heating and cooling the rolls and practical
experience obtained in operation with them. The need to examine
this problem is also indicated by the fact that these rolls are sub-
jected to high demands caused by changes in the thermal-physical
properties in comparison with the cast iron rolls with a non spec-
ified hardened layer.

The surface temperature of the roll is an important quantity in
cooling the rolls which influences the deformation of the working

rolls, their wear and quality of the surface, as well as dimensions
and quality of the surface of rolled strips. According to service
experience obtained in rolling mill trains using rolls with a high
chromium content, the surface of the roll is not excessively damaged
by cracks formed under the effect of heat if the surface tempera-
ture of the roll does not exceed 60°C in removal from the stand.
Regardless of this fact, this temperature cannot be regarded as an
absolute value. Concerning continuous welding process the extent
of temperature variations decreases and the temperature of the roll
increases. As a result of a reduction of the temperature variations,
the thermal shock to which the working rolls are subjected decreases.
Practical experiences show that temperature variations have far
worse consequences for damaging the surface of the roll than the
roll temperature.

‘The cooling of the rolls is also significantly influenced by the
amount and pressure of cooling and the position of collectors.
The majority of rolling mill trains use a large number of high-pres-
sure spraying nozzles for cooling the working rolls. These nozzles
are installed in the so-called cooling connectors. However, incor-
rect application of the high-pressure nozzles may limit the cooling
effect of water. To obtain the most effective cooling effect, the
pressure and the angle of the cooling jet should be selected in
such a manner as to avoid reflection of water droplets with a high
energy from the surface of the roll. This would reduce the contact
time of cooling water with the surface and, consequently, reduce
the cooling effect The nozzles distributed in a relatively stable
position form different cooling zones on rolls with different diam-
eters because the distance between the nozzles and the cooled
surface of the roll changes.

The highest temperature of the working roll is recorded in the
area of contact with the strip. In this zone, higher temperatures are
found only in a very thin layer. It is therefore essential to ensure
that the heat received by the roll from the strip is removed as soon
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as possible, i.e., immediately after the completion of contact between
the roll and the strip. The heat received by the roll must be removed
to avoid its further penetration into the roll. This can be ensured
by correct distribution of the cooling collectors. In many cases,
even if the pressure conditions are maintained and the amount of
cooling water is sufficient, with the correct distribution of collec-
tors, rolls in certain stands of the finishing line can be overheated,
i.e. the surface temperature exceeds the allowed value. This results
in insufficient cooling which requires detailed analysis of the thermal
processes taking place during cooling of the rolls.

In cooling the rolls it is necessary to take into account the fact
that the amount of heat received by the roll from the strip must be
equal to the amount of removed heat. If this equilibrium is dis-
rupted, i.e., if the amount of removed heat is lower, heat would
build up in the roll and, in the final analysis, the roll temperature
would increase.

In analysing the amount of heat received from the surface it
is necessary to take into account the following heat sources and
solutions of the equations, Fig. l:
1. The equation of heat conduction in the roll.
2. The equation in of heat conduction in the strip which takes

into account the development of heat caused by plastic defor-
mation.

3. The equation of heat conduction through the oxidation film
existing between the roll and the strip-takes into account heat
caused by friction.

For different rolling conditions we calculated the transfer of
heat to the roll which does not include the friction heat [3]. The
basis for compiling the mathematical model of the temperature
field of the roll in hot rolling is the differential equation of heat
conduction in the roll:
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In solving equation (1) it is necessary to know the initial and
boundary conditions:

– initial condition

� � �0 for   Fo � 0

– boundary conditions

� � �(�) � ei.Pd.Fo by   	 � 1 (2)

�(	, �, Fo) � �[	, (� � 2k � 
), Fo] � K � �t (3)

where exponent i is an argument which expresses the complexity
and periodicity of the boundary conditions. The first term on the
right hand side of the equation (3) represents the periodicity of

the function and the second term the temperature increase on the
surface as a result of deformation.

The constant K can be determined by means of experiments.
The value �t expresses the temperature increase during deforma-
tion. At 700–1300 °C the deformation energy is completely trans-
formed to thermal energy. The increase of the energy of the stressed
state can be regarded as negligible. The value �t is determined
from (4):

�t � �
ps �

c

ln

k �

h

	

i�

k

1/hi
� (4)

where the values of the mean deformation resistance ps for differ-
ent stands in the line, for different diameters of the working rolls,
for different revolutions of the working rolls and different temper-
atures can be found in the literature [4].

Figure 2 shows the diagram of distribution of the boundary
conditions on the surface of the upper working roll. In the zone of
contact between the roll and the rolled strip �1 the temperature
on the surface of the roll is equal to the strip temperature tp . In
the cooling zone �3 the temperature is determined by the temper-
ature of cooling water tv . In the zones �2 and �4 it can be assumed
that the surface is insulated from water with wipers. During rolling
the roll rotates at the angular speed �0 and, consequently the equa-
tion (1) must be solved for the rotating system. The differential
equation (1) together with the unambiguity conditions (5) and (6)
makes it possible to obtain a solution describing the radial non
stationary temperature field of the rotating roll.

Fig. 3 shows the distribution of the boundary conditions of
the surface of the rotating roll with the angular speed �0 . The ver-
tical axis gives the temperature distribution �t which varies from
to to tp . In the zone of angle �2 the temperature decreases expo-
nentially. In the zone of angle �3 the roll is cooled with water at
such a rate that the surface temperature of the roll can be regarded

Fig. 1 Heat sources
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as equal to the temperature of the cooling water. In the zone �4

the temperature of the surface exponentially increases, as in the
zone �2 . As a result of transformation of the equations, the final
equation of the amount of heat received in the strip by the two
rolls has the form:

Q(�0) � 2� � b � 	Pd� (tp � t�) � ��1 � �
�

2
2
�� (5)

In the quasistationary conditions, the amount of heat sup-
plied to the rolls is equal to the amount of heat taken away during
a single revolution:

Q(�0) � Q(�m) . (6)

The area S1 � S2 in Fig. 3 corresponds to the supplied heat
and S3 � S4 to the heat removed.

On the basis of the above results we compiled a program for
calculating the amount of received heat in different rolling condi-
tions. Fig. 4 and 5 show the dependence of the amount of received
heat for the finishing line of the wide-strip hot rolling mill train.
The amount of received heat was calculated on the basis of the
our programme “Calculation of heating of rolls”[1]. Fig. 4 can be
used to compare the amount of received heat for different revolu-
tions in the individual stands. The graph indicates clearly the
degree of loading of the individual stands. Fig. 5 shows the depen-
dence of the amount of heat on the angle of engagement. This
heat does not yet include the friction heat. 

Fig. 6 shows the distribution of the surface temperature of the
rolls in relation to the friction heat which is proportional to the
rolling speed. An increase of the temperature of the finishing line is
caused by the formation of heat as a result of friction due to higher
rolling speeds. In higher loading of the mills, A (high rolling speed),
the curve increases above the optimum temperature of the surface

Fig. 2 Distribution of boundary conditions on the surface 
of the working roll

Fig. 3 Distribution of boundary conditions on the circumference 
of the roll

Fig. 4 Dependence of the amount of received heat on revolutions

Fig. 5 Dependence of the amount of received heat on the angle 
of engagement
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of the rolls and the rolls can be subjected to a considerable risk of
damage in comparison of the values obtained under the normal
rolling conditions, B (normal rolling speed) [5]. The optimum
surface temperature of the roll is represented by the value specified
by the manufacturer. 

Fig. 7 shows the dependence of the maximum surface tem-
perature of the roll on the friction coefficient at different rolling
speeds. As indicated by Fig. 7, the friction coefficient determined
from the literature data, for example [6], has strong effect on the
surface temperature of the roll.

3. Conclusion

The following conclusions can be drawn:
● Special attention must be given to the thermal loading of the

individual stands of the finishing lines of the wide – strip hot
rolling mills (it is necessary to take into account all heat sources
which change in relation to different rolling conditions);

● It is necessary to consider the pressure conditions and the dis-
tribution of cooling water supplied to the individual rolls of the

finishing line as well as the distribution of water at the inlet and
outlet for the individual stands;

● Special attention must be given to the risk of overheating the
rolls in service in the rolling conditions in which the individual
stands are subjected to the maximum loads. In the future it
would be necessary to examine new systems of cooling the rolls
in the finishing line, for example, cooling by means of the water
wall, or water with a low pressure using collectors with a slit
along the entire width. Water is then trapped at a low energy and
the water film should remain on the surface curve as long as
possible [7] and [8].

In conclusion it can be said that to propose suitable conditions
of cooling the individual stands, the calculations must be supple-
mented by the amount of heat formed under the effect of friction
in relation to the rolling speed and the friction coefficient.

After determining this heat it will be necessary to determine
accurate conditions of cooling which ensure sufficiently effective
cooling of the rolls [10, 11, 12, 13].

Symbols:

�(	, �, Fo) – relative temperature � � t � tmin / tmax � tmin

t(	, �, Fo) – surface temperature of the roll
	 � r / R – relative dimensionless radius
R – roll radius, 0 � 	 � 1
Fo � a . �/R2 – Fourier criterion
Pd � �0 . R2/a – Predvoditelev’s criterion
a – heat conductivity coefficient, m2.s�1

b – the width of rolled strip, m
ck – specific heat capacity of the material, kJ.kg�1.K�1

h – the thickness of the rolled strip, m
hi – the thickness of the rolled strip after i-th pass, m
hi�1 – the thickness of the rolled strip after i-1-th pass, m
ps – mean deformation resistance, Pa
tP – strip temperature, °C
t – mean temperature in the range �m � �3 � �4 ,°C
�t – temperature increase in deformation, °C
� – heat conductivity coefficient, W.m�1.K�1

	k – density of material, kg.m�3

� – time, s
� – angular speed, s�1
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1. Introduction and background

In spite of significant accomplishments that were achieved in
the reduction of emissions and imissions in Slovakia during the
last decade, there are still many small and midsize sources of emis-
sions that abundantly contribute to the environmental pollution.
It is especially old fired heating equipment fuelled with fossil fuels
mainly occurring in villages that are not gas connected, but heated
by old boilers fuelled with fossil fuels with the heat capacity up to
2 MWth. According to the legislative statutes [1, 2], small sources
of pollution do not have determined exact emission limits. That is
why entrepreneurs, mainly physical persons, are not obliged to
respect certain rules while building such appliances and are not even
fined for the air pollution. Midsize sources with lower capacity – up
to 2 MWth have only limited concentrations of sulphur and nitro-
gen oxides, while sulphur oxides are limited by the concentration
of 2500 mg.m�3 only under those circumstances when emission
flow of sulphur oxides is above 20 kg an hour, which is not reached
by these kinds of appliances. The emission limit of nitrogen oxides
in this category of combustion appliances is 650 mg.m�3, which
is difficult to achieve because with this pollutant, the concentra-
tion in the combustion products is quantitatively dependent either
on the temperature that is measured in the combustion chamber
of the boiler, or on the content of fixed organic nitrogen in the
fuel. To create nitrogen oxides from the air by oxidation of the air-
borne nitrogen are, as a rule, needed temperatures over 1100 °C.
However, this temperature cannot be achieved while using small
sources fuelled with fossil fuels and smaller boiler units of older
types with the heat capacity up to 2 MW. It happens where com-
bustion products from the combustion area usually flow through

the flue or directly through the combustion pipe into the chimney.
That is why nitrogen oxides in the combustion products whose
temperature in older appliances is below 800 °C do not originate
from the airborne nitrogen but from fuel only. Nitrogen in fossil
natural fuel can be found especially in heterocyclic components of
compounds and also in wood as proteinaceous residues and amino
derivative polysaccharides. There is about 0.7 % of nitrogen in
wood, while the occurrence of nitrogen in coal is more variable,
usually a bit higher, however, it depends on the locality of mining.
That is why the content of nitrogen oxides in the combustion
products of coal is usually higher than in the combustion products
of wood. The low temperature of the combustion process as well
as a short time of flue gas remaining during the combustion of the
fossil fuels in the chamber, cause a defective combustion of the
gassed fuel. This will result in poor quality of combustion products
which can even be visually seen as the presence of a higher portion
of soot in combustion products that escape through the chimney
into the air, or particularly when analytically evaulating combustion
products components. Gaseous combustion products from organic
nitrogen are found as nitrogen oxide if the temperature is low. Oxi-
dation of nitrogen oxide materialises only in the atmosphere.

In particular, it is pointed out that there are inappropriate con-
ditions for inlets of primary and secondary air into firing space with
regard to the amount of gasified fuel. Inflow of air and directions
of its flow are also important. Poor mixing gases in the firing space
causes inappropriate combustion, which will give a high content
of carbon monoxides as well atmospheric oxygen in different loca-
tions of the firing space. At the older low-efficient boilers there is
a characteristic short flow distance of combustion gases in the firing
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space, which results in influencing also its good mixing with air in
the firing space. It results in a low thermal efficiency, but also in
reduced heating value.

Relatively low temperature of fuel gasification as a short time
of gassed products remaining in combustion area cause defective
combustion. Resulting in dark smoke during such combustion con-
ditions will cause following reactions: there will be an emission of
inorganic residues (in the combustion area) along with condensed
aromatic organic compounds, often with the content of fixed oxygen
that make these inorganic residues visually black. The chemical
structure of these substances is very various and also changeable
(it depends on conditions of combustion process and combusting
fuel) and they are called tarry substances. Many of them belong
amongst persistent organic compounds (POC) that are distinguished
for their longevity in the atmosphere and their physiological influ-
ence on living creatures, also plants and animals is often consid-
ered as a carcinogenic, mutagenical, or teratogenic one.

2. Materials and methods

Some measurements were undertaken to find out combustion
products and their diffusion into the atmosphere from an operation
of a boiler unit VSB-4 made in ŽD Bohumín in 1972 with a capac-
ity of 0.25 MWt per hour, working under usual conditions. There
is a combustion product ventilator installed in this boiler that is
normally used for inundating. The ventilator was not operating
during the measurement of the combustion products. During the
measurement of emissions and also at usual operation which is
carried out only during the winter heating, brown coal type O2E
with a content of ash 12.5 % and sulphur up to 1 % was used.

The measurement was carried out in a walled flue pipe and
places of the measurement were determined according to the rules
of STN ISO 10 780 [5] and STN ISO 9096 [6]. The flow of the
combustion products was calculated from measured physical quan-
tities (dynamic, static and atmospheric pressures, temperature of
the combustion products) by Pitot-Prandtl tube and digital micro-
manometre and density of the combustion products was calculated
from the chemical structure of the combustion products (contain-
ing oxygen, nitrogen and carbon dioxide, or water vapour). Con-
centration of combustion gases was calculated from the chemical
composition of combustion gases (content of oxygen, nitrogen and
carbon dioxin, or water steam).The concentrations of oxygen and
carbon oxide were determined by a gas analyser FY IMR 1200
with electrochemical sensors, while carbon dioxide was deducted
by analogy. The sulphur oxides were determined by the classical
method after sampling into 3 % hydroperoxide according to STN
83 4711 [9]. The sample of fossil pollutants was taken by Ströh-
lein apparatus STG 4E and determined by the gravimetric method
according to [6]. The qualitative characteristics of fossil emissions
was done by determination of a soluble portion of fossil elements
in carbon disulphide and the consequential analysis were determined
by the gaseous chromatography method of dividing on a capillary
column of medium polarity. The programmed change of column

temperature was used for separation. The graphic record is presented
in Figure 1.

The diffusion of a few volatile organic components (VOC)
from a defective combustion of coal was determined according to
Szabu programme MODIM 1.20 d [12]. 

Within Szabu programme MODIM 1.20 d [12], the author
applied methodology of the MLVH (1979) for interpolation of
a wind rose.

3. Results

The results of concentration and flow of the emissions of basic
polluting substances from brown coal combustion in older combus-
tion equipment presented in tables 1–3 are indicated under reference
conditions according to the legislative directives [10]. The content of
soluble substances from isolated SPM by an organic solvent (CS2)
was 92.5 %, concluding that an average content of inorganic
residues in combustion products was 54 mg.m�3

r . Supposing that
during the combustion process while the low temperatures are
present, the content of condensed organic substances emitted into
the atmosphere of average concentration was 604 m.g�3, which is
emission flow of 531 g.h�1 from one boiler. Even if volatile organic
compounds (VOC) are not the subjects of evaluation of the com-
bustion product quality according to contemporary applicable leg-
islation, it is interesting to notice their quantity as well as quality
arising from the process of an inferior combustion action. The
highest concentration of vaporous organic substances of the human
breathing zone during average climatic conditions (3.1 m.s�1 wind
speed, 10 °C air temperature, NE prevailing air circulation) was
10 �g.m�3 at a distance of 450–600 m from the chimney in SW
direction during an actual average meteorological situation. The
worst concentration of the VOC during unfavourable climatic con-
ditions (calm, stagnation of air layers) is assumed to happen at
a distance of 120–320 m from the chimney. In this case the calcu-
lated concentration of the VOC in the combustion products was
174 �g.m�3. The coefficient “S” used as a criterion for the calcu-
lation of minimal height valued at 10 �g.m�3 for naphthalene and
its derivatives, while toluene and xylene valued 200 �g.m�3. These
characteristics can be compared with the value of IHk. Owing to
the fact that tars from brown coal mainly contain naphthalene and
its derivatives, it can be assumed that there is a contravention of
imissive limit. 

4. Discussion

The entrepreneurs of air polluting sources are by laws related
to the atmosphere supposed to use BAT (Best Available Technol-
ogy) when building new mechanisms, i.e. No. 478/2002 [1]. This
concept was developed as a directive concerning the atmosphere
and known as BATNECC (best available technologies not entail-
ing cost). In the quoted Act the BAT is defined as the best avail-
able technology economically achievable, in section § 6, segment 5.
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According to Virčíková [11] the BAT parameters are as follows:
emissive limit (or other characteristics if a polluting substance
emitted from a source has no emissive limit) + general conditions
of operation + technical parameters of operation + precautions to
avoid dangerous and accidental 

situations + comprehensiveness of air protection solution +
security of emissions diffusion + comparability with an air protec-

tion standard of developed industrial countries. The BTA criteria
are determined by the general obligatory directives dealing with the
air protection, technical norms (STN, OTN ŽP, EN, ISO), direc-
tives issued by the EU and by the norms of developed countries
(e.g. EPA, VDI etc.), and by standard condition of the technology. 

The heat production from the fossil fuels, including various
kinds of coal, also brings certain obligations for investors in terms

Fig. 1 The arrangement of VOC which were isolated from solid particles absorbed on filter during SPM sample take-off 
by the gas chromatography method applied.

Legend: ● IS-cyklohexán: cyclohexane ● S1 – sírouhlík: carbon disulphide (solvent) ● Extrakt TZL z kotlovej jednotky VSB-4 v CS2 : 
Extract of SPM (Solid Polluting Matters) from VSB-4 boiler unit sample taken from chimney in carbon disulphide (CS2)

● Polozka 4 – zmes 78 zloziek extraktu: Item 4 is mixture of 78 components found in an SPM extract.
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Fig. 2 Isolines of VOC imission concentration gained by brown coal
burning technology at low temperature in VSB-4 boiler unit evaluated in

the area with average climatic conditions

Fig. 3 Isolines of VOC imission concentration in human breathing zone
under inclement climatic conditions for their scattering

Concentration and emission flow, emission limits (by reference conditions Table 1
– 101.325 kPa, 0 °C normalised to 6 % oxygen in waste gas).
Fuel: brown coal

Explanatory notes: *) – results are given as arithmetic average of 12 measurements and analysis from two flue-gas off-takes, 
1) – at mass flow SO2 over 20 kg/h.

Basic statistic characteristics of measured emission source – mass concentration of flue-gas components and volume flow Table 2
Measurement 1

Explanatory notes: *1) under reference conditions (dry gas, 0 °C, 101 325 Pa, content of O2 � 6 % V). Average temperature of flue-gases in 
chimney was 54 °C

*2) error band L1,2 � x � t * Sx , where x – arithmetic average, t – coefficient of Student difference, Sx – decisive deviation

No. Polluting mater Concentration (mg.m�3
r) Emission

Measured *) emission limit flow (kg.h�1)

1. Solid Polluting Matter (SPM) 658 undefined 0.579

2. Sulphur Oxide 1406 2 5001) 1.2373

3. Nitrogen Oxides 268 650 0.2358

4. Carbon Oxide 2590 Undefined 2.2792

Emission Measured characteristics *1) Arithmetic Number of Maximal Minimal Decisive Error band
source average (x) measurements value value deviation (Sx) L1,2

*2)

Boiler K2 Flow [m3.h�1] (Reference Conditions) 882 6 940 838 40 985 – 780

Concentration SPM          [mg.m�3] 972 6 1063 502 189 1340 – 380

Concentration SO2              [mg.m�3] 1441 6 1733 1103 184 1913 – 968

Concentration NOx [mg.m�3] 238 6 256 205 17 282 – 194

Concentration CO         [mg.m�3] 3195 6 3695 2420 435 4313 – 2007
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of legislative norms and statutes. The evaluated apparatus for the
heat production – VSB-4 boiler unit determined for the combus-
tion of fossil fuel, according to the BAT requirements, fulfils only
requirements concerning emissions limits and their diffusion which
are not too strict for low efficiency heating equipment. According
to the accomplished measurements it is obvious that the entre-
preneur did not achieve the required temperature parameters of
combustion products in the chimney, resulting in low temperature
of the combustion products in the combustion area of boiler and
also defective combustion process resulting in high concentration
of carbon dioxide and polluting fossil fuels resulting in SPM (Fig. 1).
According to the GC analysis, the character of these organic sub-
stances is similar to purposely made tars from brown coal, whose
main components are aromatic hydrocarbons, heterocyclic oxyge-
nous, nitrogenous, and sulphuric compounds. Their physiological
influence on human and other organisms (e.g. animals, plants etc.)
differs in comparison with inorganic compounds of ash. Accord-
ing to figures in tables 2 and 3 it is obvious that higher occurrence
of the defective combustion products (carbon dioxide, SPM of
organic origin) appears during the low temperature combustion.

Therefore, it is very important for every entrepreneur to respect
operational directives and requirements to improve operational
quality of the combustion processes and reduce the amount of
polluting substances in combustion products that are emitted into
the atmosphere [13, 14]. 

5. Conclusion

During brown coal combustion at a low temperature, the emis-
sions of polluting substances are emerged and they contain larger

amounts of defective combustion products, such as carbonic dioxide
and organic gases and vapours of higher aromatic hydrocarbons,
heterocyclic compounds and their derivatives, which after refrig-
eration are transformed into soot-like substances that are soluble in
organic solvents. Their amount and qualitative composition depends
on the type of combusted coal and conditions of combustion
process. During the defective combustion process, the emerging
VOCs, pollute the atmosphere, increase the amount of smog in the
atmosphere, influence production of ground ozone and they can
also cause physiological changes and health problems [15–18]. 
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Basic statistic characteristics of measured emission source – mass concentration of flue-gas components and volume flow Table 3 
Measurement 2

Explanatory notes: *1) under reference conditions (dry gas, 0 °C, 101 325 Pa, content of O2 � 6 % V). Average temperature of flue-gases in 
chimney was 65 °C

Emission Measured characteristics *1) Arithmetic Number of Maximal Minimal Decisive Error band
source average (x) measurements value value deviation (Sx) L1,2

*2) 

Boiler K2 Flow [m3.h�1] (Reference conditions) 877 6 917 821 30 954 – 800

Concentration SPM            [mg.m�3] 344 6 410 267 59 462 – 226

Concentration SO2 [mg.m�3] 1371 6 1468 1320 85 1590 – 1153

Concentration NOx [mg.m�3] 299 6 359 251 34 386 – 212

Concentration CO               [mg.m�3] 1985 6 2241 1827 200 2500 – 1471
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