
22nd INTERNATIONAL SCIENTIFIC AND TECHNICAL
CONFERENCE ON TRANSPORT, ROAD-BUILDING,

AGRICULTURAL, HOISTING & HAULING AND
MILITARY TECHNICS AND TECHNOLOGIES

ORGANIZER
SCIENTIFIC-TECHNICAL
UNION OF MECHANICAL
ENGINEERING
Internal combustion engine
Automobiles, tractors and motor 
trucks, Material  handling,
Equipment, Logistics

23-24.06.2014 
VARNA, BULGARIA

PROCEEDINGS VOL 1



 
SCIENTIFIC TECHNICAL UNION OF MECHANICAL ENGINEERING 

 
YEAR XXII    ISSUE 7 (156)        JUNE 2014. 

 
 

XXII INTERNATIONAL SCIENTIFIC-TECHNICAL CONFERENCE 

ttrraannss  &&  MMOOTTAAUUTTOO  ’’1144  
 

PROCEEDINGS 
 

SECTION I 
VEHICLE ENGINES. APPLICATION 

OF FUELS TYPES. EFFICIENCY 
 

 
 
 
 
 

23-24.06.2014 
Varna Bulgaria 

  

Publisher: Scientific-technical union of mechanical engineering 
ISSN: 1310 – 3946  



 CONTENTS 
 
DIAGNOSTICS AND MODELING OF COMBUSTION ENGINES WEAR AND DEGRADATION PROCESSES 
Prof. M.Sc. Stodola J. DSc., Assoc. Prof. M.Sc. Jamrichova Z. PhD., M.Sc. Túró T. PhD., Assoc. Prof. M.Sc. Stodola P. PhD. ............................ 3 
 
SPECIFIC ASPECTS OF FUEL ASSESSMENT 
Assoc.Prof. M.Sc. Čorňák Š. Dr., M.Sc. Ulman J. ...................................................................................................................................................... 9 
 
ВЛИЯНИЕ НА БРОЯ НА ЦИЛИНДРИТЕ ВЪРХУ НЕРАВНОМЕРНОСТИТЕ НА ВЪРТЯЩИЯ МОМЕНТ И НА ХОДА НА ДВГ 
Доц. д-р Василев Д., доц. д-р Мутафчиев М. .............................................................................................. 11  
 
A COMPARISON OF FUEL CONSUMPTION BETWEEN THE NEW EUROPEAN DRIVING CYCLE TEST AND THE NATURAL 
OPERATION OF A VEHICLE 
Assist. prof. Radostin Dimitrov, M.Sc. Monika Magdziak – Tokłowicz, Prof. Lech Sitnik, Marek Reksa PhD. , Marcin Tkaczyk PhD., 
Radosław S. Wróbel PhD. .......................................................................................................................................................................................... 14 
 
THEORY OF CUMULATIVE FUEL CONSUMPTION AND EXAMPLE FOR ITS APPLICATION 
Lech J. Sitnik DSc. PhD., Prof. .................................................................................................................................................................................. 17  
 
THE IMPACT ANALYSIS OF HYDROXIDE MIXTURE ADDITION ON THE COMBUSTION PROCESS IN THE DIESEL ENGINE. 
PhD. Eng Marek Reksa, M.Sc.Eng Monika Andrych, Prof.assist. M.Sc Vesko Mihaylov ....................................................................................... 21 
 
INFLUENCE OF INTERNAL COMBUSION CATALYST TO SHORTEN THE INGNITION DELAY 
M.Sc.Eng Monika Andrych, DSc. PhD., Prof. Lech J. Sitnik, PhD. EngWojciech Walkowiak ............................................................................... 24 
 
THE HEAT BALANCE OF ENGINE FED BY DIESEL OIL AND BMD BIOFUEL 
M.Sc.Eng Monika Andrych, DSc. PhD., Prof. Lech J. Sitnik, PhD. EngWojciech Walkowiak ............................................................................... 28 
 
THE EFFECT OF THE ACCELERATOR POSITION ON THE FUEL CONSUMPTION OF ROAD VEHICLES 
Ing. Tomáš Skrúcaný, Ing. Braniclav Šarkan, PhD., doc. Ing. Juraj Jagelčák, PhD. ................................................................................................. 31 
 
POSSIBILITIES OF MEASURING THE BRAKE SPECIFIC FUEL CONSUMPTION IN ROAD VEHICLE OPERATION 
Ing. Šarkan B. PhD., Ing. Skrúcaný T., Ing. Majerová Z. .......................................................................................................................................... 34 
 
ONE AND THREE-DIMENSIONAL MODELLING FOR PROCES OF CHARGE EXCHANGE IN RECIPROCATING 
COMBSUTION ENGINE 
M. Eng. Hussein Ali AHMED, Eng. Mateusz GANDYK, Marcin TKACZYK, Ph.D, Radosław WRÓBEL, Ph.D. .............................................. 37 
 
SIMULATION ON SINGLE CYLINDER DIESEL ENGINE AND ESTIMATION OF ENGINE PERFORMANCE USING AVL 
BOOST SOFTWARE 
M.Sc. Iliev S. PhD. ..................................................................................................................................................................................................... 45 
 
SIMULATION ON SINGLE CYLINDER DIESEL ENGINE AND EFFECT OF COMPRESSION RATIO AND EGR ON ENGINE 
PERFORMANCE AND EMISSION 
M.Sc. Iliev S. PhD. ..................................................................................................................................................................................................... 48 
 
DESIGN OF SIMULATOR FOR THE ENGINE CHARACTERISTICS 
А. Uzun ve F. Vatansever  ......................................................................................................................................................................................... 51 
 
ИЗСЛЕДВАНЕ НА СИСТЕМА ЗА УПРАВЛЕНИЕ НА ГЕНЕРАТОР НА БРАУНОВ ГАЗ ВЪРХУ ЕНЕРГИЙНАТА 
ЕФЕКТИВНОСТ НА ЛЕК АВТОМОБИЛ 
Доц. д-р инж. Петров И. П., Гл. ас. инж. Димитров Г. И., Маг. инж. Вълков М. Д., Гл. ас. инж. Христова А. С. ......................................... 55  
 
INDICATED PRESSURE OF INTERNAL COMBUSTION ENGINE 
Ing. Repka J., doc. Ing. Labuda R. PhD., Ing. Kovalčík A. PhD, doc. Ing. Bárta D. PhD., Ing Skrúcaný T. ........................................................... 58 
 
USING OF WASTE HEAT OF INTERNAL COMBUSTION ENGINES 
Ing. Miloš Brezáni1, doc. Ing. Róbert Labuda, PhD.1, doc. Ing. Dalibor Bárta, PhD. 1, Ing. Ján Repka ................................................................. 62 
 
SIMULATIONS OF NONCONVETIONAL DESINGNES WITH REGARD TO COMPRESSION ABILITY FOR USE IN STIRLING 
ENGINE 
Ing. Baran P., Prof. Ing.Kukuča P.PhD., Ing. Brezáni M., Ing. Kovalčík A. PhD .....................................................................................................65 
 
THE EFFECT OF FUEL VARIATION ON FLAME PROPAGATION IN IC ENGINES WITH STRONG MACRO FLOWS 
Zoran Jovanovic, Zoran Masonicic, Zlatomir Živanovic, Milan Milovanovic .......................................................................................................... 69 
 
FUNCTIONAL DESIGN, MODELING AND NUMERICAL ANALYSIS OF THE REGENERATOR OF STIRLING ENGINE WITH 
UNCONVENTIONAL MECHANISM FIK 
Ing. Blatnický M. PhD., Ing. Repka J., Ing. Kovalčík A., doc. Ing. Labuda R. ......................................................................................................... 73 
 
METHODS AND INSTRUMENTS FOR MEASURING TORQUE AND SPEED OF MARINE DIESEL ENGINES 
Phd Student Eng. Ivaylo Bakalov .............................................................................................................................................................................. 77 



DIAGNOSTICS AND MODELING OF COMBUSTION ENGINES WEAR AND 
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Abstract: The paper deals with ways of applying mathematical methods to evaluate the result of tribodiagnostics related to vehicle 
combustion engines. The idea is based on a discriminative analysis that makes possible to describe one qualitative parameter (complex 
technical state) by means of several quantitative parameters (i.e. quantity of diagnostic parameters). The results have been verified by means 
of considerable statistical data of T-3-930 engines made in the Czech Republic which are used in ground vehicles. 

Keywords: WEAR, TRIBODIAGNOSTICS, QUALITATIVE AND QUANTITATIVE PARAMETER, COMPLEX TECHNICAL STATE 

 

1. Introduction 
Generally, wear depends not only on the friction character 

(rolling or sliding) but also on a complex physical-chemical process 
occurring on the sliding surfaces of a tribological unit. An external 
undesirable product of the friction system action is a very wide 
range of wear particles. From the diagnostic point of view, it is 
important that these particles carry nearly comprehensive 
information about the mutual connection among individual 
elements of such a system, that is, what the conditions for 
production of the particles in individual friction couples are. A 
combustion engine is characterized by simultaneous contacts of 
many friction couples and, thus, also by simultaneous production of 
wear particles at all of these points. The problem is, on the basis of 
number, shape, size, or coloration of the particles, to determine 
what tribological processes are in progress in the engine. Wearing 
dynamics can be evaluated according to: 

• material composition of particles, 
• intensity of particles production, 
• distribution of particles´ size groups, 
• morphology and shape of particles´ surface features, etc. 

 

Generally, the wear products can be categorized as follows:  

Adhesive particles (rubbing wear particles) 

These are “one-dimensional” particles, whose length and width 
are approximately equal, at 5-15 μm, but are only 0,25-0,75 μm 
thick. These particles are characteristic for wear of steel 
components therefore they have very good magnetic characteristics. 
During the ferromagnetic analysis, these characteristics can 
practically always be recorded. Their genetic origin is in the Beilby 
layer, from which they gradually spell and are washed off by the 
lubricant. Their number and especially their size characterize the 
adhesive wear intensity. 

Abrasive particles (cutting wear particles) 

They always characterize an improper mode of engine 
operation. From the tribo-technical point of view two origins of 
abrasive particles may be indicated: 

a) – Action of a heterogeneous particle between friction 
surfaces results in strong surface scratching, tribological mode 
changes, and rapid wearing of the friction surfaces. The abrasive 
wearing has its origin in, for example, siliceous powdery particles 
that leak into the engine through insufficiently tight of air filters. 

b) – Penetration of a harder material of the friction couple into a 
softer one. The probability of forming particles in this way 
increases when friction couples with a considerable difference in 
their surface hardness are contacting. 

In any case, abrasive particles are of a characteristic of a 
“micro-cut” or of a coiled “thin wire” shape. The shape 
considerably differs for those abrasive particles that infiltrate into 

the engine after a partial or complete disassembly, that is, during 
running-in mode (cutting wear). They are shaped into crescents or 
swords with sharp protrusions on their ends. Generally, the size of 
abrasive particles ranges in the interval of 50-300 μm with a very 
short thickness of 0.25 μm, Fig. 1. 

Spherical particles (spherical debris) 

They belong to the main types of particles originating in fatigue 
wear of a rolling kind. Generally, they originate in consequence of 
Beilby layer fatigue on internal or external surfaces of bearings. The 
spheroids´ dimensions are relatively short ∅ 2 – 5 μm. In the Ferro 
scope lens, they appear like little black points; with better 
magnification, a polished surface with light reflection in the center 
is evident. The presence of these particles on a ferrogram signalizes 
an ongoing failure of anti-friction bearings. It has been verified by 
experiments that one rolling element is able to produce 6 – 7 million 
of spheroids before a failure occurs. 

Laminar particles 

Most often originate as a consequence of redistribution 
processes in lubricating systems. Repeated flow of oil and, 
therefore, also flow of particles through the system results in 
particles´ plastic deformation (for instance, between a rolling 
element and a ring path). Rolling out the spheroids and other tri-
dimensional particles results in thin flat laminas of minute 
thickness. Their length ranges from interval 40 to 250 μm and their 
width from 10 to 50 μm. Particles are characterized by a plain 
surface and irregular edges. As a rule, the presence of these 
particles is attended by the presence of spheroids; in these cases, the 
process of a gradual failure of the anti-friction bearing has begun. 

Fatigue particles 

They characterize the most common failure of tooth wheels. 
These are tri-dimensional particles with a comparable length, width, 
and thickness. The particles´ surface is irregular, scratched with 
irregular sectioned edges. Dimensions of these particles fluctuate 
from 10 to 150 μm. Fatigue particles can  further be divided into 
two groups: 

a) The “chunky” (micro-prism) type has an irregularly 
rugged surface and a size of 10-80 μm; on the surface, they usually 
have secondary originated inclusions. 

b) The “scuffing” (high-temperature abrasion) type comes up 
on the teeth sides of tooth wheels during high pressure and 
temperature, Fig. 2. The particles´ material is usually thermally 
affected, which is indicated by particles´ coloration of distemper 
tints. 

Abnormal particles (severe wear particles) 

The extreme and breakdown wear particles that originate with 
seizing or a strong abrasion. They arise from mechanical 
deterioration of the Beilby layer under the action of an excessive 
load. In the touch-point of friction surfaces, this layer does not have 
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the necessary loading capacity and is scratched off. The abrasion 
rate is so high that the Beilby layer’s restoration is impossible. 
During the diagnostic analysis, it is then impossible to register any 
adhesive abrasion particles that are replaced by tri-dimensional 
particles, always with a characteristic  sharp edge and dimensions of 
30-70 μm. 

Non-ferrous particles 

Their appearance may be similar to abnormal particles (severe 
wear particles), especially because of their shape and size. They 
always differ in their coloration and magnetic features. They 
originate as a result of contacting steel and nonferrous metals alloys 
during the adhesive mode of abrasion. 

Iron oxides – magnetite Fe3O4 originates under high 
temperatures and pressures, mainly owing to insufficient lubrication 
of the friction surfaces. The surface of these particles is black, plain, 
and of a shingle character; the size of these particles fluctuates 
around 5 μm. The high-temperature oxides presence relates to 
abrasion of the materials made of a high-strength steel or a bearing 
steel. Alpha-hematite Fe2O3 signals corrosion of the machine 
function surfaces by action of water. Pink or red hematite particles 
can be recorded by analyses of samples taken during the running-in 
mode of engine operation. 

Corrosive and other particles 

During tribodiagnostic analyses, the presence of secondary 
originated non-metallic particles can also be recorded, except for 
metallic abrasion. Dust particles – small spherical or prismatic 
particles – silicates with a size of up to 30 μm. They are translucent 
and clear. Tribopolymers – are shaped into spherical particles or 
tiny cylinders in the amorphous form. The tribopolymers core is 
always composed of submicronic steel particles. Organic substance 
of the particle can be dissolved with an appropriate solvent or by 
heating it at more than 300°C. Fibers mainly originate from 
filtration materials. Cotton fibres are ribbon-like in shape; synthetic 
fibres are straight, with conspicuous luminous refraction on their 
edges. 

Stated characteristics of the most important categories of 
particles signal the fact that there are two origins for particles 
indicated: 

1 – Primary particles – generated directly by the friction 
couples. They characterize directly the abrasion mode according to 
generally known findings. 

2 – Secondary particles – originate from a transformation of 
primary particles after repeated passage through the system. The 
relative rate of presence of primary and secondary particles depends 
on several factors, for instance, on the lubricating medium’s 
volume, number and efficiency of oil filters in the system, 
efficiency of other processes of particles separation from the 
system, real thermal and mechanical load of the engine, number of 
tribological units, the type of lubricating oil used, etc. 

The difference in effect of factors mentioned during evaluation 
of individual engines requires separate monitoring of each type and 
design type of the combustion engine. 

For evaluation of the wear mode of machine groups (engines, 
gearboxes, etc.), in practice, two basic strategic approaches are 
used: 

1 – trend evaluation of the wear mode using time series. 

2 – multidimensional statistic monitoring and its evaluation. 

Specific features characterize both of these approaches, and it is 
impossible to consider one as absolute and exclude the other one. 

 

 

 

 

 
Fig. 4 Strong cutting wear steel particle, so-called two-point abrasion. 
Harder member of the friction pair penetrates into softer member of friction 
pair and separates chips from it. Magnified 1000 x. 

 

 
Fig. 5 Ferrogram from oil diesel engine. Spheroid always indicates the 
development of fatigue crack. Magnified 1000 x. 
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2. Trend evaluation of the wear mode 
During normal engine operation, a balanced concentration of 

the wear products develops in the lubricating medium. This means 
that the concentration speed of various origin wear products 
equalizes with the speed of mechanisms removing the wear 
products from the lubricating medium. Removal of these wear 
products is carried out mainly by filtration and sedimentation, 
followed by loss of oil from the system and chemical reactions. 
Owing to the complexity of the problems related to reactive 
kinematics of organic ingredients contained in the lubricant and 
generated here as a consequence of chemical reactions for the 
duration of lubricant exploitation, it is impossible to obtain the data 
needed for reactive kinematics calculation. The balance equation 
expressing the substances balance between inflow of wear products 
from the friction points of the system into the lubricant and their 
decrease owing to the action of individual decreasing mechanisms 
can be derived from a deterministic model Fig. 3 and Fig. 4. The 
basic differential equation expressing the dynamic balance in the 
model under consideration is: 

 ( )( )dtQVdccdtQcdtpfcdtmcV ......... −+=−−+  (1) 

where 
V… oil volume in the lubricating system (dm3), 
c … concentration of wear products in lubricant medium at the time   

  t (mg/dm3), 
f  … total coefficient of wear products decrease (mg/s) 
p … oil quantity delivered to the engine friction points (dm3/s), 
Q… oil loss volume (dm3/s). 

 

 
Fig. 9 Lubricating oil system of combustion engine. 

 

 
Fig. 10 Diagram showing the process of production and decrease of wear 
products in the lubricating system of a combustion engine. 

 

The instantaneous volume of lubricant V varies during the time 
as a result of loss of lubricant in the system (caused by leakages, 
burning, etc.) according to the relationship: 

 tQVV .0 −=  (2) 

where  

Vo … initial lubricant volume at the beginning of the given time 
  period. 

The loss coefficient f represents generally all the loss 
mechanisms acting inside of the considered system (that is, 
filtration, sedimentation, chemical reactions, etc.).  

Wear products´ generation speed m represents dynamics of the 
wear process (degradation), which varies in time.  The general 
expression for this change is usually stated in linear dependence on 
the time t: 

 tamm .0 −=  (3) 

where  
mo … initial speed at the beginning of the time period, 
a …   acceleration. 

 
To enable the solution of the equation and to determine the 

resulting relationship for calculation of the speed of wear products 
generation, the following simplifications are recommended: 

- in the given time period between two sequential sampling 
values, the m and Q are considered to be constant, 

- the value of the coefficient f is estimated on the basis of oil 
filters´ pervious action and the speed of wear products´ 
sedimentation. 

In the case of products of oil degradation reactions, the loss 
coefficient is not considered because as K matter is to determine the 
concentration of relevant substances dissolved in the lubricant. 

After substitution for V according to the relationship (2), 
modification and dereliction of the expression of the second order 
(i.e. Q*dc*dt*), the equation transforms to the form: 

 ( ) ( )dctQVdtpfcm ..... 0 −=−   (4) 

which can be further modified as 

 
pfcm

dc
tQV

dt
...0 −

=
−

  (5) 

After integration in the limits c1 to c2 for c, t1 to t2 for t and after 
the final modification, we will get the final relationship for the 
mean speed of wear products generation: 

 
( )

pf
e

eccm A

A

..
1

.12

−
−

=   (6) 

 
( )
( )10

20

.

.
ln..

tQV
tQV

Q
pfA

−
−

=   (7) 

However, during operation of real combustion engine vehicles, 
the lubricating medium is continuously refilled, and thus the 
calculation of m is correspondingly more complicated. After each 
oil refilling by the volume V‘ to the original volume V0, the original 
concentration of wear products c changes to c‘: 

 
'

.'
VV

Vcc
+

=   (8) 

During the number of n constant time cycles and the number of 
a refilling with a constant volume of oil to the V0 and on all of the 
premises mentioned above, the main speed of wear products 
generation can be calculated according to the relationship: 

 
( ) ( )

( )( )AA

AnAn
n

eBe
pfeBeBccm

.1.1
...1...

2

12
1

−−
−−

=
−

 (9) 

 

where 
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0

0

0

0 .'
V

tQV
V

VV
B

−
=

−
=   (10) 

However, the stated theoretic calculations must be applied to 
conditions of factual operation of vehicles with combustion engines. 
To deduce appropriate conclusions and to describe long-term trends 
of monitored indices developments, it is necessary to determine 
their trend, that is, to replace the progression of empirical values 
with a progression of values without a random fluctuation and, thus, 
to equalize interval time series using a suitable method. For 
equalizing time series, an analytic equalizing is frequently used in 
technical routines. This equalizing consists of describing the course 
of given time series by a simple theoretic and analytic function of 
the type y = f(t,b) where t is a time variable and b represents a 
vector of unknown parameters. In principle, this is a simple 
regression where the time series index features a dependent variable 
and time (time variable) an independent variable. To determine the 
“best” values of parameters, the minimum of sum of deviations 
(residua) squares of the measured and calculated magnitudes of a 
dependent variable is used as a regress criterion in technical 
routines most often. 

 ( )∑ =−= min2
ii YyU   (11) 

Where the function U is called the objective function, which is 
minimized during the calculation of parameters. 

As the whole progression of nonlinear dependences can be 
transformed using an appropriate transformation to a linear 
dependence, the linear regression method is used most often 

 ( ) ( )tsbsby bb .2211 ±+±=   (12) 

Coefficients of the regression linear equation will be determined 
providing that partial derivations of the objective function U must 
be zero; then, by solving them, the estimations will be obtained 

 
( )

n

tby
b

ii∑ ∑−
=

.2
1   (13) 

 
( ) ∑∑

∑ ∑ ∑
−

−
=

222
.

...

ii

iiii

tnt

ytnyt
b  (14) 

The trend value, as a criterion for serviceable condition of the 
engine and its lubricant medium, respectively the upper or lower 
limit of the interval of gradient of regression line reliability can be 
then considered. 

 αtsbL b .22 ±=   (15) 

and parameters of the line 

 
( )∑ ∑−

= 22

,
2

.

ii

ty
b

tt

nS
S   (16) 

 
2, −

=
n
US ty   (17) 

where  

sb2 … standard deviation of the coefficient b2,  
tα … critical value of the “Student division” for selected level of 

 importance, 
sy,t…  standard deviation characterizing scattering of outcomes 

 along the given regression line. 

 

 

3. Multidimensional statistical evaluation 
Modelling of stochastic magnitudes characterizing a real 

condition of equipment is an important element in tribotechnical 
diagnostics application. Besides the trend approach, the probability 
model can also be used. Such a model enables us to define one 
qualitative variable u by means of several quantifiable parameters 
X1, X2, Xi…Xp. The primary set, as well as the informative 
selection which represent the primary set, are subsequently resolved 
into several groups (generally “k”). Individual groups have to 
correspond to variants of the variable “u”. A priori probability of 
belonging to groups is 

 ( ) khAP hh ,...,2,1, =≈π ,  (18) 

where 
πh… probability of belonging to the group of number h 
P(Ah)...probability of the event Ah and it can be estimated according 

   to the informative selection structure. 

 
n
nh

h =π  , (19) 

where 
nh…the number of elements in the group h, 
n… the number of selection elements. 

 
After carrying out multidimensional observations “x” a-

posteriori probability can be determined using the Bayes formula: 

 ( ) ( )
( )xf

xfxAP
hh

k

h

hh
h

.

./

1
π

π

∑
=

=  ,    (20)  

where   
P(Ah/x) … conditional probability of the phenomenon Ah/x, 
fh(x)… conditional density of probability of the complex of “p“ 

 considered variables for h = 1, 2, .., m. 
f'h … vector of coefficients in the hth  group, 
xi … vector of measured values. 

 

To categorize unknown elements, it is necessary to provide for a 
decision-making rule for their classification within individual 
groups. The selection area is divided into “k” not-overlapping 
classification areas. Each element is categorized into such a group 
where the a-posteriori probability will be maximal, and, 
simultaneously, the incorrect classification probability will be 
minimized. The total probability of incorrect classification can be 
described by the equation 

( )∫∑∑∑∑
≠=≠=

=






 ∈
= dxxf

A
x

P h

k

hh
h

k

hh

h
k

hh
h

k

h h

..
'1

'

'1 ϕ

π
ϕ

πω  (21) 

where 
ω….total probability of incorrect classification 
ϕh‘…area into which the object is incorrectly classified 

 
For objects classification, it is sufficient to search for the group 

where the numerator in the Bayes formula (20) is maximal, because 
the denominator is common for all groups. 

 )(. xhhhh πψ =   (22) 

By expressing the probability of multidimensional normal 
classification by logarithmic calculation and omission of the 
addends, which are common for all of the groups, we obtain a 
quadratic discriminative score 
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( )

hhh
Q

h xvxx ρϕψ ++= ...̀   (23) 

with a matrix of quadratic form  

 ∑−= 1.
2
1

hhϕ   (24) 

a vector of linear coefficients  

 ∑= hhhv .µ   (25) 

and a constant 

hhhhh hnn µµπρ ..
2
11

2
11 1∑∑ −−−=  (26) 

where  
Ψh

(Q … quadratic discriminative score, 
x‘… .line vector of values, 
x …column vector of values, 
ϕh … quadratic form matrix in group h, 
Σh

-1 … inverse matrix to covariant matrix in group h, 
vh … vector of linear coefficients in group h, 
µh  … vector of mean values in group h, 
ρh … quadratic discriminative constant of the group h, 
πh… a posteriori probability of belonging to the group h, 
Σh…determinant of covariant matrix of the group h. 

 
If another condition of covariant matrices correspondence is 

observed, discrimination can be performed by means of a linear 
discriminative score. 

 ( )
hh

L
h kx += .αψ   (27) 

with a vector of coefficients 

 ∑−= 1.hh µα   (28) 

and a constant 

 hhhh nK µαπ ..
2
11 −=   (29) 

where  
)(L

hψ … linear discriminative score in the hth group,  
αh…vector of coefficients in group h, 
Kh… linear discriminative constant (constant of the hth group). 
^ … over hπ it indicates the choice probability of belonging to the 

  hth  group. 

hµ … vector of mean values in the hth group. 

 
The discrimination efficiency can be verified by means of re-

substitution that is application of discriminative classification on a 
selective set and percentual expression of incorrectly classified 
objects. 

4. Results and discussion 
The above methodology of evaluating multidimensional 

diagnostic signals has been applied to objective evaluation of results 
obtained by means of ferrographic analysis. Four basic groups of 
engines were indicated, as follows: 

1.  Current wear - this group involves all the states 
characterized by absence of increased quantity of inadmissible 
particles. 

2.  Limit wear - this group is characterized by the presence of 
particles of an inadmissible type. Such an engine needs intensive 
examination. 

3.  Critical wear - this group involves an engine threatened by a 
serious defect of some part within the engine. Further operation of 
such an engine should not be allowed with respect to technical 
and/or economical viewpoints. 

4.  Running - in mode - this group is characterized by the phase 
presence of particles typical for this and inadmissible in other 
phases of the engine operation. 

All the modes of wear are modelled, according to the number of 
types of particles present in oil samples. It is known in advance 
what kind of engine they come from. The results are compared by 
considering the number of particle types in a 1 ml oil sample, used 
for preparation of the ferrogram. During analysis of the ferrogram, 
nine particle types were detected: 

1-Cutting wear particles, 2-Laminar particles, 3-Fatigue 
particles, 4-Spherical debris, 5-Severe wear particles, 6-Corrosive 
particles,7-Oxide particles, 8-Non-ferrous metallic particles, 9-
Others. 

For every particular group, the mean values of the number of 
particle types were determined and numbered as shown in Table 1. 
Using these mean values in compliance with Eq.(27) a parameter 
can be formed called the complex ferrographic parameter F. The 
parameter makes possible to describe the dependence of a latent 
implicit parameter of the current state of the engine wear by means 
of vector of measured values, i.e., number of particular types of 
particles (29). 

Based on results of the selective set, the complex parameter can 
be written in the form: 

 hihh KxfF −′= .   (30) 

where 
Fh … values of the parameter F in the hth group. 

 
The vector of coefficients is an element, which involves internal 

coupling of selective statistical sampling. It is based on the relation: 

 1. −=′ Vxf hh   (31) 

where 
V-1  … inverse of covariation matrix of the selective set. 

 
The constant in Eq. (30) involves first of all the demands on 

vector ranging in accordance with a reselected criterion, i.e.: 

 hhhh xfnK −−=
2
11 π   (32) 

In the above procedure, Eqs. (30) - (32), a selective set of oil 
samples has been worked out. For predestinated groups there were 
particular parameters numbered as shown in Table 2. Any unknown 
vector of measured values can be assigned to one of the indicated 
groups. This means it will be placed in the group of maximum 
parametric value. 

Applying the ranging criterion to the original selective set, the 
quality of the assigning method and the quality of the description of 
particular indicated groups of engines can be evaluated. From the 
total number of samples (106) involved in the selective set, 98 
samples were evaluated correctly, i.e., full compliance with the 
actual state of the engine, known before. Standard deviation of 
determination of the technical state of the engine is about 7,6 %. 
The standard deviation of each particular group is given in Table 3. 
Higher values of the relative standard deviation in the IVth group 
(running-in mode) are closely connected with poor knowledge of 
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the course of tribological phenomena during running in of engine 
T3-930. To decrease this value it is necessary to consider a larger 
statistical set formed to describe all the indicated groups with the 
same validity. The above method of evaluating ferrographic 
analysis is suitable for a large number of ferrography users. It is 
rather difficult to count particular types of particles, but the 
counting is defined precisely and the results obtained are 
unambiguous. Once the ferroscopic evaluation of the ferrogram has 
been mastered, there is no other difficulty in using the above 
method. The group characteristics specified is valid for the T3 - 930 
engines. When dealing with an engine of another type, it is 
necessary to verify the validity by further research. An important 
factor to note is that the decisive feature for assigning an element to 
a certain group is not the value of the parameter F, but the 
maximum value of the parameter. This is the difference in 
application of discriminative analysis in comparison with 
applications published in the open literature.  

 
Table 1: Vectors of mean values in particular groups. 

Type of 
Particle 
Code 

MEAN VALUES OF NUMBER OF PARTICLES IN 
GROUPS 

CURRENT 
[pcs/ml] 

LIMIT 
[pcs/ml] 

CRITICAL 
[pcs/ml] 

RUNNING-IN 
[pcs/ml] 

1 1.560 4.539 6.979 5.426 

2 1.501 3.934 6.548 0.917 

3 0.737 3.207 6.827 1.170 

4 1.208 3.238 5.110 0.629 

5 0.486 2.543 5.117 1.046 

6 0.971 2.508 4.102 2.510 

7 0.489 2.533 5.681 0.719 

8 1.809 4.005 5.636 0.464 

9 0.789 2.649 5.100 1.874 

 

Table 2: Ferrographic Characteristic of Groups. 

Group 
Parameter 

Vectors of Coefficients f i,h and Constants of Groups Kh 

Current Limit Critical Running–In 

1 0.718 1.350 0.632 2.067 

2 0.609 0.771 0.600 0.031 

3 –0.839 1.236 –0.206 –1.175 

4 0.703 1.179 0.644 –0.172 

5 –0.787 –0.489 –0.501 –0.416 

6 0.405 0.352 0.598 1.395 

7 –1.175 –1.703 –0.553 –1.738 

8 1.171 1.715 0.900 0.370 

9 0.029 –0.135 0.459 0.876 

Kh 1.921 5.425 7.195 6.696 

 

Table 3: Standard Deviation of Groups. 

GROUPS I II III IV 

Sd (%) 6.35 8.33 8.33 14.30 

 

5. Conclusion 
The considerably simplified model presented here enables 

applications of multidimensional classification of particular 
ferrographic (or other) oil analyses and shows the utilization 
possibilities of this method for interpretation of tribodiagnostic 
check-up results. However, the practical exploitation depends on 
particular tasks to be solved. The trend evaluation performs 
a methodical function during evaluation of tribodiagnostic 
measuring results. But interpretation of results still depends on the 
qualifications of the expert who can judge individual changes, their 
size, and deviations from normal state. These facts somewhat 
complicate putting tribodiagnostics into practice, because reliable 
results depend on the qualifications and experience of the expert. 
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Abstract: We have tested typical samples of fuel (diesel, gasoline, technical gasoline and a mixture of unknown fuel). For fuel analysis 

we have used an analyzer IROX DIESE with an in-built infrared interferometer of Michelson’s type. The results proved that within a 

wavemeter from 650 up to 1800 cm-1 for each fuel there is a typical infrared spectrum. This spectrum can be compared with human 

fingerprints. It is possible to positively identify the majority of fuels with the usage of these spectra. Moreover in case of unknown mixture, it 

is possible to use these spectra for determination of their mutual ratio.  

 

Keywords: OPERATING FLUIDS OF VEHICLE, DIESEL FUEL, FTIR, IROX DIESEL  

 

1. Introduction 

Basic fuel of diesel engines is diesel or kerosene. These fuels 

are mixtures of structurally different hydrocarbons – standard 

alkenes, isoalkenes, alkenes, naphthenics and aromatics with 12 up 

to 22 atoms of carbon in a molecule. Their boiling point is from 

180° to 370°C and their mutual proportional representation arises 

from the quality of oil/petrol used and also from the applied 

technological processes. Fuel for diesel engines has to meet a 

number of qualitative criteria.  

These criteria can be divided into several groups of physio-

chemical characteristics, low-temperature characteristics, chemical 

composition, detonation behaviour, lubricity, parameters 

characterizing purity and other parameters [1].  

For improving utility properties (depressants, detergents, 

lubricants, corrosion inhibitors, anti-foaming additives, bio-

components in the form of methyl esters of fatty acids, etc.) there 

are other additives added into diesel.  

Diesel qualitative parameter values and methods of their 

valuation are strictly defined by the standard ČSN EN 590 and is 

provided  in the table 1 [2].  

Strict refinery fuel quality checking nearly eliminates the 

possibility of selling of low-quality fuel which does not meet 

appropriate qualitative requirements. Fuel is stored in various 

storage places and transport tanks, which may be a source of 

undesirable contamination during distribution. This 

contamination can have a serious impact on engines.  

Mechanical pollution by dust, abrasion and corrosive elements 

usually does not represent any serious problems because fuel is 

filtered before distribution to consumers, and fuel filtration is 

carried out at petrol stations. If the blow down system works well, 

even “usual” pollution by water should not represent any serious 

risk. 

Pollution of fuel by heterogeneous carbide or organic fraction 

respectively could have an impact on the physical-chemical 

characteristics of fuels. Most frequently fuel is contaminated during 

transport in transport tanks where fluids are changed. This is usually 

minor mutual contamination of diesel fuel and motor petrol caused 

by technological negligence of a transporter. In the real life, it is 

possible to experience fuel pollution by completely different 

organic fraction than motor petrol or diesel fuel. 

It is necessary to take into account the intentional admix of 

heterogeneous or “tax free” fraction in order to generate illegal 

profit or attempts to “improve” fuel by consumers [3]. 

Practical evaluation of physical-chemical characteristics of 

diesel by using classical methods is financially as well as 

operationally very demanding. Therefore there was an effort to 

develop an easier and faster method. One of them is a modern 

instrumental method, which is based on the assessment of fuel 

infrared spectrum with the application of the Fourier’s 

transformation (FTIR).  

Table 1:  General requirements and methods of assessment 

according to the ČSN EN 590 [2] 

Quality 
Limit values 

Units 
Method                 

of testing min max 

Cetane number 51   - EN 15195 

Cetane index  46   - EN ISO 4264 

Density (15 °C) 820 845 kg/m3 EN ISO 12185 

Polycyclic aromatic 

hydrocarbons 
-  8 % (m/m) EN 12916 

Content of sulfur   10 mg/kg EN ISO 20884 

Content of oily acids 

methylesters 
-  7 % (V/V) EN 140078 

Point of outburst 55     EN ISO 10370 

Oxidative stability 
  25 g/m3 EN ISO 12205        

EN 15751 20   h 

Lubricity (60 °C) 

(wsd 1,4) 
-  460 µm EN ISO 12156 

Viscosity (40 °C)  2 4,5 mm2/s EN ISO 3104 

Content of ash       EN ISO 6245 

Content of water - < 65 % (V/V) EN ISO 12937 

Total content                      

of impurities 
85 -  % (V/V) EN 12662 

Corrosive operation 

of copper 
-  360 oC EN ISO 2160 

Distillation test - 

at 250◦ C it is 

distilled 
-  < 65 % (V/V) 

EN ISO 3405 at 350◦ C it is 

distilled 
85  - % (V/V) 

95 %(V/V)  - 360 oC 

2. Theoretical base of solution 

The principle of infrared spectrometry is based on the Lambert-

Beer law:  

ε.c.l

0 .eII                                                        (1) 

where: I0 - incident radiation intensity; I - passing radiation 

intensity; 0 - molar absorb coefficient; l - absorb medium thickness; 

c - concentration of monitored substance.  

9



The principle of infrared spectrometry is based on the infrared 

radiation absorption measurement in the range from 2.7 μm to 15.4 

μm with the use of a spectrometer with Fourier’s transformation. 

The result is spectral record [4]: 

       ~d~d2cos~IdI 




                                     (2) 

where: I –radiation intensity; d – trajectory difference of folded 

rays; ~ - wave number (1/). 

The interferometer principle, most frequently of Michelson’s 

type, is shown in the Fig. 1.  

 

Fig. 1 Michelson type interferometer principle diagram [5] 

where: 1 - infrared source; 2, 7 - mirror; 3 - ray divider (semi-

permeable mirror); 4 - fixed mirror; 5 - moveable mirror; 6 - 

measuring cuvette; 8 - infrared detector 

The light from infrared Source 1 is divided by Mirror 2 and Ray 

divider 3 into two equivalent rays. The first ray is reflected by a 

fixed Mirror 4 and the second ray is reflected by a Moveable mirror 

5. Both rays are put together in a divider of ray 3 and then they are 

routed to Measuring cuvette 6, which is filled up by an unknown 

sample. Because a Moveable 5 mirror moves along a definite track, 

in each moment of a spectrometer activity other wave lengths are 

magnified and reduced. If the distances of mirrors 4 and 5 are 

identical, rays on the semi-permeable ray divider are added. If the 

distances are not identical, there is interference between both parts 

of ray. This variable light passes through cuvette 6, which is filled 

by an unknown sample and turns out over the Mirror 7 on the 

Infrared detector 8. The interference diagram (dependence incident 

radiation intensity in time) is consequently recalculated on spectrum 

with the use of Fourier’s transformation.  

3. Materials and methods 

 A lot of operating fluid samples were analysed at the 

Department of Combat and Special Vehicles. An extensive database 

was created from these analyses. Only for demonstration purpose in 

this paper there are presented results of 2 fuel samples. These are 

diesel (civilian diesel fuel and military diesel fuel F54). We have 

used IROX DIESEL analyser with an in-built infrared 

interferometer of Michelson’s type for quality evaluation. Basic 

specification of IROX DIESEL you can see in the table 2. 

Table 2: Technical data of IROX DIESEL [5] 

Measuring Parameters Range 

Overall content of aromatic compounds [% v/v.] 0 – 60 

Multi-kernel (PN) aromatic compounds [% vol.] 0 – 40 

Cetane number 25 – 75 

Cetane index 30 – 70 

Additive for cetane number improve [ppm] 0 – 5000 

Distillation  characters [oC] (T85, T90, T95) 300 – 450 

Bio-components content [% obj.]  (ethyl-ester, 

methyl-ester) 
0 – 40 

Consistence [g.cm-3] ± 0,001 g.cm-3  0,5 – 1,999 

Sample content for complex measuring  [ml] 7,5 

We have accomplished calibration of equipment with 

calibration fluid 99+ % n-hexane before the main measurement. The 

calibration library included 180 samples. The recorded evaluation 

of measured values was accomplished with the use of program 

MINIWIN 2.2.4. 

4. Results and conclusion 

The general measuring results are presented in the next graph 

(Figure 2).  

   

 

Fig. 2 Infrared spectrum (finger printer) of diesel fuel 

1 – civilian diesel fuel, 2 – military diesel fuel (F54) 

This spectrum in the extent of 650 to 1800 cm-1 is called “an 

area of fingerprint” in which a position (wavemeter) of lines 

represents characteristic groups contained in fuel. By these lines it 

is possible to identify positively and unmistakably the majority of 

mixtures. It becomes clear from Figures in this paper that for diesel 

there are typical wavemeter peaks 1377 cm-1 and 1377 cm-1. 

Moreover, wavemeter 1747 cm-1 is typical for the contents of 

FAME, which is added into diesel.  

5. Conclusion 

In this paper the author deals with the evaluation of fuels. 

Samples of civilian diesel fuel and a military diesel fuel were 

analyzed and evaluated. For the evaluation an analyzer of 

Michelson’s type was used with an in-built infrared interferometer. 

The results obtained proved that in the range of wavemeter 650 to 

1800 cm-1, there is a unique typical unmistakable infrared spectrum, 

which can be compared with human fingerprints. By the use of 

these spectra it is possible to identify unmistakably the majority of 

fuels. Moreover in case of unknown mixtures, it is possible by the 

use of these spectra fingerprints to analyse and state their mutual 

ratio.  
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Abstract: In the paper is done numerically study the influence of the number of cylinders of a multicylinder internal combustion engine 
on the levels of unevenness and magnitude of the torque and of the angular speed. Are shown the graphs of this influence and conclusions 
are drawn. 
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1. Увод 
Въртящия момент и ъгловата скорост на двигателя с 

вътрешно горене непрекъснато променят своите стойности в 
рамките на един период на движение. Това е следствие от 
периодичното изменение на налягането на газа в цилиндровото 
пространство и от изменението на инерционните сили на 
възвратно-постъпателно движещите се части на коляно-
мотовилковия механизъм. В настоящата работа, като се 
използват резултатите за инерционната и газовата сили, се 
изследва влиянието на броя на цилиндрите върху 
неравномерностите на въртящия момент и хода на двигателя, 
както и за размаха на същите. 

Степента на неравномерност на въртящия момент се 
определя от израза: 

(1) 
cpM

MM minmax −
=µ , 

където maxM и minM са съответно максималната и 
минималната стойности на въртящия момент за един период на 
движение, а cpM  - средната стойност на въртящия момент за 

това време. 

Въртящия момент се създава от тангенциалната сила Т 
(фиг. 1), приложена върху мотовилковата шийка на коляновия 
вал и се определя от израза: 

(2) 
( )

ϕλ

βϕ

2sin21

sin

−

+

Σ
== RPTR

в
M . 

 

 

 

 

 

 

 

 

 

 

 

 

Фиг. 1 Сили, действащи върху коляно-мотовилковия механизъм. 

Тук 
L

R
=λ , а ΣP е сумата от газовата  и инерционната 

сили, която се определя с методиката дадена в [3].  

От друга страна нормалната сила N


, приложена върху 
повърхнината на цилиндъра, създава реактивен момент, 
който е обратен на посоката на въртящия момент и се 
определя с равенството (фиг. 1): 

(3) 
( ) ( )

ϕλ

βϕ

β

βϕ
β

2sin21

sin
.

sin

sin
..

−

+

Σ
=

+

Σ
== RPRtgPNh

p
M  

От (3) се вижда, че реактивния момент е равен по големина 
на въртящия момент. Неравномерността на въртящия момент, в 
рамките на периода на завъртане, води до неравномерност и на 
реактивния момент, което е предпоставка за т. нар. външна 
неуравновесеност на двигателя с вътрешно горене. Тази 
неуравновесеност е причина за възникването на ъгловите 
трептения на корпуса на двигателя около оста на въртене на 
коляновия вал. 

За определяне на неравномерността на ъгловата скорост на 
двигателя се записва диференциалното уравнение за въртене на 
коляновия вал във вида: 

(4) cMвM
dt

d
J −=

ω
0 , 

където 0J  е приведения осов масов инерционен момент на 

коляновия вал с присъединените към него маси, вM  - 

моментната стойност на въртящия момент, cp
вMcM =  - 

съпротивителния момент, чиято стойност се приема за равна на 
средната стойност на въртящия момент за периода. 

Като се сменят променливите 
ϕ

ω
ω

ω

d

d

dt

d
=  за изменението 

на ъгловата скорост се намира израза: 

(5) ϕ
ω

ωω ∆
−

=∆=
0J

cp
вMвM

d . 

След пресмятане на изменението на ъгловата скорост за 
едно пълно завъртане на коляновия вал се определят нейните 
минимална и максимална стойности - minω  и maxω . 
Средната стойност на ъгловата скорост се определя като 
средноаритметичната на тези стойности: 

O 

L 

ϕ 
R 

β 
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h 
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(6) 
2

minmax ωω
ω

+
=cp . 

Степента на неравномерност на ъгловата скорост, известна 
още като степен на неравномерност на хода на двигателя, се 
намира от израза: 

(7) 
cpω

ωω
δ minmax −

= . 

Освен степента на неравномерност на въртящия момент µ, 
дадена с (1) и степента на неравномерност на ъгловата скорост 
δ дадена със (7), характеристики на неравномерността на 
въртене са размахът на въртящия момент 

(8) minmax MMMA −=  

и размахът на ъгловата скорост 

(9) minmax ωωω −=A . 

Като се приложи така разписаната методика, на основата на 
конкретен четирицилиндров четиритактов двигател с 
вътрешно горене (базиран на параметрите на дизеловия 
двигател D3900), са направени пресмятания, като са 
променяни броя на цилиндрите. Конкретните числови 
стойности на параметрите са: 

 

k=1,33 y=0,95 ε=16 D=0,09842[m2] 
c=0,8 z=0,95 mj=2[kg] R=0,0635[m] 
n=0,52 b=0,95 Jo=15,62[kg m2] Va=0,001030597[m3] 
 

2. Резултати и дискусия 
В резултат на проведените числени пресмятания са 

променяни броя на цилиндрите на двигателя i и са  намерени 
стойностите на степените на неравномерност и размахът на 
въртящия момент и на ъгловата скорост. Резултатите от това 
числено пресмятане са дадени в таблица 1. 

 

Таблица 1: Влияние на броя на цилиндрите върху степените на 
неравномерност и размаха. 

 

i cpM  µ AM δ Aω 

1 63,89 34,07 2176,72 0,001236 0,323663 

2 127,79 22,95 2933,24 0,001449 0,379761 

3 191,56 10,91 2090,30 0,000790 0,206875 

4 255,57 13,54 3459,99 0,001642 0,430176 

6 383,32 6,695 2566,30 0,000804 0,000804 

8 510,98 2,658 1358,32 0,000314 0,082255 

12 766,20 1,247 955,11 0,000161 0,042206 

16 1021,84 0,758 774,75 0,000103 0,026935 
 

Така изчислените стойности са илюстрирани на фигурите 2, 
3, 4, 5 и 6. 

 
Фиг. 2 Влияние на броя на цилиндрите i върху средната стойност на 

въртящия момент cpM . 

 

Фиг. 3 Влияние на броя на цилиндрите i върху размаха на въртящия 
момент AM. 

 
Фиг. 4 Влияние на броя на цилиндрите i върху степента на 
неравномерност на въртящия момент µ. 

От фигура 2 се вижда, че средната стойност на въртящия 
момент cpM  нараства линейно с нарастване броя на 

цилиндрите на двигателя. Размахът на въртящия момент при 
брой цилиндрите два и четири е сравнително голям. За 
трицилиндровия двигател се наблюдава по-ниска стойност на 
размаха. При нататъшното увеличаване на броя на цилиндрите 
размахът бързо намалява. Това се вижда от фигура 3. От 
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фигура 4 се вижда, че степента на неравномерност бързо 
намалява с нарастване на броя на цилиндрите. Само при 
четирицилиндровия двигател неравномерността е по-висока, 
понеже средната стойност на въртящия момент при този брой 
на цилиндрите не е достатъчно голяма.  

 

Фиг. 5 Влияние на броя на цилиндрите i върху размаха на ъгловата 
скорост  Aω. 

 
Фиг. 6 Влияние на броя на цилиндрите i върху степента на 
неравномерност на ъгловата скорост δ. 

По отношение на размаха и степента на неравномерност на 
ъгловата скорост, показни на фигури 5 и 6, може за се направи 
извода, че понеже средната стойност на ъгловата скорост почти 
не зависи от броя на цилиндрите, то характера на тези две 
зависимости е сравнително сходен. 

3. Заключение 
В резултат на проведеното изследване може да се направи 

извода, че с нарастване на броя на цилиндрите на двигателя с 
вътрешно горене степените на неравномерност на въртящия 
момент и на ъгловата скорост намаляват, но при малък брой 
цилиндри това намаление не е така характерно. При два и при 
четири цилиндрови двигатели се установява нарастване на тези 
неравномерности. 
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Abstract: There are many changes in the automotive industry which leads to improved to safety and reduce fuel consumption. 
 A new design of vehicles are being modernized, reducing aerodynamic resistances and the weight of vehicle units. However it is forgotten 
about the same time changing and updating the fuel consumption’s tests. The cars are tested with New European Driving Cycle test which 
based on directive 91/441/EEC (26 June 1991). It's been 23 years. NEDC was developed at a time when European vehicles were lighter and 
less powerful. The test offers a stylized pattern for low speed acceleration (a = 0.89 m / s), speed, ride at idle, but temporary increase is 
much steeper and more dynamic in practice, in part due to the excess capacity of modern engines. 

This paper presents a comparison of fuel combustion Polish users registered on the famous automotive’s forum between factory 
data vehicles selected. As a result, it is hard for drivers to reach the certified values in practice. 

The new version of the driving cycle should be more realistic to the everyday use of additional equipment and gadgets that are 
installed in modern vehicles. 
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1. Introduction 
Fuel consumption by modern road vehicles is an interesting 

parameter of all users and producers. This is a consequence of the 
significant share of fuel costs in total transport costs [1]. 

In order to standardize the measurement of fuel consumption in 
the European Union in 1970 line directive 70/220/EEC [2 ] came 
into force as a part of the regulation ECE vehicles (the latest version 
is defined by  ECE R83 , R84 and R101) . The New European 
Driving Cycle ( NEDC ) test was introduced. It aims to assess the 
level of emissions from car engines and fuel consumption in cars. 
NEDC is supposed to represent the typical use of the car in Europe. 
It consists of four repeated ECE -15 tests - urban driving cycle 
(UDC ) and the Extra Urban Driving Cycles test ( EUDC ) . The 
research of cars, weighing less than 3500 kg, which were equipped 
with engines with spark ignition and diesel engine are performed on 
a chassis dynamometer - roller dynamometer with DC motor or 
asynchronous AC motor [ 3]. The measurement of the test starts 
with a cold engine and is operated by a well-defined procedure for 
cyclic acceleration, braking and shifting, using the exhaust gas 
composition analysis. The nature of its ride from the beginning to 
the end is clearly defined, the car does not move and goes to the 
ideal " way " - rolls. In the design of the test methods it is pointed 
out that the motion characteristic of the vehicle in the natural 
operation is the variable speed which is mapped by means of its 
profile during the course of the speed. This profile, in operational 
conditions , has a random character . 

2. Dynamometer tests 
Urban Driving Cycles (UDC) has been designed to represent 

typical driving conditions busy European cities. It is characterized 
by a low engine load, low flue gas temperature and a maximum 
speed of 50 km/h- Figure 1. 

The average speed during the test is 19km/h and the theoretical 
distance covered during the cycle is 1,013 km. 

 
Fig. 1 UDC test [4] 

In 1990 was introduced EUDC (Extra Urban Driving Cycles). It 
was designed to represent a more aggressive routes and highways, 
had high modes determine the speed. The velocity profile shown in 
Figure 2 below. 

 
Fig. 2 EUDC test [4] 

The Effective running time of test is 400 s while theoretical 
distance traveled in one cycle is 6,955 km  it follows the average 
speed during the test: 62, 6 km/h.  
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The combined effect of the two tests UDC and EUDC was the 
New European Driving Cycles (NEDC). It consists of a recurring 
cycle of four ECE-15-UDC and one EUDC cycle, Figure 3. 

 
Fig. 3 NEDC test  

The above-described tests are used all the time in the 
determination of secondary and urban vehicle fuel consumption . 
The car is tested at a temperature of about 25 ° C, no air resistance 
and for any possible additives are excluded , which may further 
increase consumption of energy and fuel , in which the vehicle is 
equipped , for example:  lights , heating and an air conditioning. 

3. Investigated objects and the results 

Fuel consumption determined in a test on a chassis 
dynamometer is not determined by measurement ( weight or 
volume ) of fuel actually consumed by the engine , but analytically 
based on calculations made taking into account the emission of 
exhaust components . 

Referring to the sentence above the analysis has been subjected 
to attempt a population of 85 different models of cars with the most 
popular engine in its model, the weight of which does not exceed 
3500 kg. Vehicles are assigned to the appropriate classification of 
vehicles . It was compared to the average consumption declared by 
the carmaker to the natural operation of the vehicle. Actual fuel 
consumption was measured by more than 8106 users of the 
analyzed vehicles.  

Based on the analysis of fuel consumption has been shown that 
the difference in fuel consumption between vehicle specifications 
given by the car companies and the actual driving is about 18,4 % 
higher- table 1 and figure 4. 

 
Fig. 4 A-segment mini cars  

 

As the following analysis shows that in each segment vehicle 
classification exceeded consumption rates. The smallest indication 
to B-segment vehicles, or small vehicles. In contrast, the greatest 
indication are the most expensive cars of the segment,  the segment 

F. The following are shown examples of graphs for the small and 
the medium segments. 

 
Fig. 5 A-segment mini cars  

 
Fig. 6 C-segment mini cars  

Table 1: Comparison of results 
Car 

classification

A-
segment 

mini cars

B-
segment 

small 

C-
segment 
medium 

D-
segment 

large 

E-
segment 

executive 

F-
segment 
luxury 

Number of 
analyzed 
models

12 15 20 17 11 10

The sum of 
opinions 

vehicle  users
Average fuel 
consumption 

in the 
combined 

cycle , based on 
vehicle  

specifications 
[l/100 km]

5,10 6,07 6,53 6,35 7,64 10,45

Actual fuel 
consumption 

in the 
combined 

cycle  
according to 

user data 
models [l/100 

km]

5,81 6,66 7,48 7,49 9,04 13,74

Difference 
[l/100 km]

0,71 0,59 0,96 1,14 1,40 3,29

The 
percentage 
difference 

between NEDC 
test and 
natural 

operation[%]

14,3 10,1 16,1 19,3 19,3 31,2

The average 
percentage of 
the difference 
between the 

NEDC test and 
natural 

operation [%]

18,4

8106
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It seems advisable to clarify why the deviation fuel consumption in 
operation are greater as those designated in the dynamometer tests 
vehicles. The reasons could be many but, of course, seem to 
disregard basic tests on a dynamometer changes occurring in the 
operation of vehicles. In addition, it is used methodologically 
inappropriate determination of operational fuel consumption [5,6].  
According to the below graph comparing the percentage difference 
in fuel consumption tests, it can be seen that the trend line is formed 
ascending towards a higher engine displacement expressed in cubic 
centimètres . 

Fig. 7 The comparison of engine capacity to fuel consumption 

 

 

Dependence noted that the larger the displacement the fuel 
consumption is higher. Vehicle group was divided due to the 
displacement , is illustrated in table 2 and figure 8.  

Table 2: The comparison of engine capacity to the average percentage 
difference between the NEDC test and natural operation 

Engine capacity to  [cc]
Percent of the 
vehicles in the 

sample [%]

The average percentage 
difference between the 
NEDC test and natural 

operation[%]
1600 40 12,5
2000 60 13,8
2500 80 15,1
4900 100 18,4  

Fig. 8 The comparison of engine capacity to fuel consumption 

 
The increase in fuel consumption with the increase of cylinder 
capacity is associated with a larger displacement engine, high 
dynamics and the nature of the operation of such vehicle by the 
user.  

5. Conclusions 

 
The analysis shows that the actual operation of the test vehicle , 

fuel consumption , significantly different from the test on a chassis 

dynamometer . Consumption rates in the natural operation are much 
higher than declare that car manufacturers . The test vehicles 
consumed a whopping 18.4% more fuel than is in the technical data 
of their vehicles .  

In addition, the relationship was found that the fuel 
consumption increases with the cylinder capacity of the vehicles 
tested .  

In summary , the actual verification, any work on the fuel 
consumption should be done only under conditions of natural life . 
Evidently, it proves the inability of the NEDC test to represent real - 
natural style of driving and operating a car. It would create new 
tests measuring fuel consumption and emissions of harmful 
compounds with the dynamic development of the automotive 
industry. NEDC was developed at a time when European vehicles 
were lighter and less efficient. Test features a stylized pattern 
speeds for low accelerations (a = 0.89 m / s) speed , fixed route and 
ride at idle , but temporary increase is much steeper and more 
dynamic in practice , in part due to overcapacity of modern engines. 
In addition , vehicles are tested without the burden that increase fuel 
consumption as heating or air conditioning . Also, the temperature 
during testing on a dynamometer is beneficial for reducing fuel 
consumption. Therefore, given by the manufacturers of the average 
fuel consumption should be taken with great caution .  

As a result, it is difficult to achieve drivers certified values in 
practice. The new version of the driving cycle should be more 
realistic to the everyday use of additional devices and gadgets that 
are installed in modern vehicles , taking into account the increase in 
the growth of new car models . Tests should as much as possible to 
reflect the actual driving . It should be remembered consumption 
depends largely on driving style , condition of the vehicle , specific 
conditions of weather and how it is used . 
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1. Introduction 
 

The exploitative fuel consumption is described by the theory of 
cumulative fuel consumption. Its application enables the analysis of 
exploitative fuel consumption of both single vehicle as well as 
whole  park machines,  forecast of fuel consumption determination 
and  also the comparison analysis of fuel  consumption in vehicles 
powered by alternative sources of energy. This theory may also be 
one of elements of new tests’ procedures defining fumes emission 
rules, which would count the exploitative conditions of vehicles. 
Such a theory has been presented. The example of interurban bus 
research results have shown the way of getting to mathematical 
model of cumulative fuel consumption and the intensity of cumula-
tive fuel consumption. 

2. Theory of cumulative fuel consumption. 
 

The cumulative fuel consumption risen in relation to time t of en-
gine exploitation may be determined as:  

(t)  n(t) =   = (t)Q i

n(t)

1=i
sp νν ⋅∑                     (1) 

 Where: 
iν - i-th quantum of consumed fuel ( e.g.  dose of fuel per 

one engine turn), )(tν - average amount of fuel quantum, consumed 

in relation to time t, )(tn  - number of fuel quanta consumed in 
relation to time t, 

(t)Qsp
  - cumulative fuel consumption in relation to time t. 

To assign cumulative fuel consumption in relation to time t, it is 
necessary to know the average quanta amount of fuel given per one 
engine turn and the number of fuel doses. If the fuel quantum is  
determined through the dose of fuel given per one engine turn ( it is 
randomly variable value) and the engine does number of turns in 
relation to time t, in which given fuel equals n(t) then the cumula-
tive fuel consumption is determined through product of average 
dose of fuel and its turns number.  

Assuming  that Tp is random variable indicating time between sub-
sequent  fuel doses, the distribution function of this variable is:  

p p pF (t) =  P  {T  <  t }                (2) 

 Where:  

Pp {Tp < t} - probability that  Tp  has lower values than t, t - Any 
time amount. 

The density of random variable distribution, Tp  is the derivative of 
distribution function: 

                                          (3) 

The next assumption that Pp {t, t + ∆t}  is a probability that in the 
time range ∆t  and thus, in time period (t, t + ∆t) the fuel will not be 
given, and that the fuel was not given in time period (0, t), too.  

Playing along with Baye’s rule, it is got: 

p
p p

p p

p

p
P  {t, t +  t } =  

P  {T   t +  t }
P {T   t }

 =  
R  (t +  t)

R (t)
∆

∆ ∆≥
≥

                        (4) 

Assuming that: 

p p p p p pP  {T   t } =  1 -  P  {T  <  t} =  1 -  F (t) =  R (t)≥               (5) 

If }t + t t,{ P - 1 = }t + t t,{ P p
d
p ∆∆  is the probability of giving fuel 

dose in time range ∆t, on the condition that such a giving has not 
taken place in time period (0, t), then it is got: 

  

}t + t  T  t{ P = }t + t t,{ P pp
d
p ∆≤≤∆                (6) 

(t) R
t) + (t R - 1 = }t + t t,{ P - 1 = }t + t t,{P

p

p
p

d
p

∆
∆∆               (7) 

Through division of both sides by∆t,  there is acquired the expres-
sion:   

(t)R
1  

t
t) + (t R - (t)R =

 

= 
(t)R

t) + (t R - 1 
t

1 = 
t

}t + t t,{ P

p

pp

p

p
d
p

⋅
∆

∆








 ∆
∆∆

∆
              (8) 

Which limit when ∆ t→ 0  is :  

p
p p

dF (t)
dt  =  F (t) =  f (t)′
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(t)R
(t)R - = 

(t)R
1 

 

  
t

(t)R - t) + (t R -  = 
t

t) + t (t, P

p

p

p

pp

t

d
p

t

'

limlim
00

⋅

⋅
∆
∆

∆

∆
→∆→∆             (9) 

The abovementioned limit shows the intensity of giving the fuel 
doses in moment t, which can be assigned as λp(t). 

p
p

p
(t) =  -  

R (t)
R (t)λ
'

                    (10) 

 The number of fuel quanta given to the engine in moment t is 
assigned by the paradigm:  

|

|
t

0p

t

0
p

p

p
t

0
p

t

0

C]  - 
(t)R

1 [ =

= C]  + (t)R [ - = 
(t)R
(t)R -  = (t)dt  = n(t)

ln

ln'
∫∫ λ                  (11) 

According to the fact, that in the moment t=0 the fuel dose is not 
given to the engine and from the Rp(t = 0) = 1 - Fp(t = 0) = 1 - 0 = 
1definition, there is acquired the following relationship: 

0 =   
1

R (t =  0)  -  C =   1 -  C =  - C
p

ln ln            (12) 

From this relationship C=0 is acquired, hence the number of doses 
given in relation to time t is formulated with relationship:  

n(t) =   
1

R (t)p
ln               (13) 

For the assignment of number of fuel doses, it is essential to know 
the random distribution variable Tp, and hence, the distribution of 
time range between subsequent fuel doses.  

The amount of particular fuel quanta νi is random and can be de-
scribed by two dimensional static distribution of density f(ν, t). 

The average amount of fuel quanta given to the engine in time(0,t)  
can be assigned  as: 

dt d t) ,f(  t    = (t)
t

0

νννν
ν

ν

⋅⋅∫∫
max

min

            (14) 

Valuesνmax and  vmin determine the maximum and minimum values 
of fuel quanta, which are related with dosage quality of a given 
engine. 

According to the abovementioned determinations, the following 
relationship indicating cumulative fuel consumptions can be writ-
ten: 

(t)F - 1
1  (t) = 

(t)R
1  (t) = n(t)  (t) =tQ

pp
sp lnln)( ννν ⋅               (15) 

During engine exploitation, the (t)ν  and  Rp(t) are unknown. Both 
amounts may be assigned in exploitation studies from histogram 
built of measured values and matching it to one of known statistic 
distribution. Such studies have not been made yet, that is why the 
value Fp(t) has been assumed on the basis of the following condi-
tions: 

 Intervals between giving the particular fuel doses have 
static distribution of the same kind. It may be assumed 
that, these intervals can be described by the use of Pois-
son’s type distribution of distribution function  

tetF λ−−=1)(  
 The accumulation is not performed, which means that in 

time range dt → 0 only one dose of fuel is given. 
Taking into consideration the fact that engine elements indulge in 
degradation, the amount of fuel dose can be described by time 
function. In the first approximation, it can be assumed that the value 
of this amount  is a certain constant multiplied by quotient reliant on 
time. It can be described as:  

at(t) ⋅=νν . 

On the basis of the abovementioned  assumptions, and taking into 
consideration already described relationship indicating cumulative 
fuel consumption, the following relationship can be written:   

t  t = t)(   t = 
t)(- 

1   t= 

= 
)e - (1 - 1

1 t = 
F(t) - 1
1 (t)tn (t) = (t)Q

aaa

t-
a

sp

λνλν
λ

ν

ννν
λ

expln
exp

ln

lnln)(

⋅⋅

⋅⋅=⋅              (16) 

From the assumption that const≡ν , and const≡λ , the 

relationship is received: constc ==⋅λν             (17) 

Hence the simple relationship of cumulative consumption in a time 
function:  

1)( +=⋅⋅= aa
sp ctttctQ                     (18) 

The intensity of cumulative fuel consumption is assigned by the 
derivative of the abovementioned expression:  

asp tac
dt

dQ
)1( +=                (19) 

For assigning of mathematical model of cumulative fuel consump-
tion, it is necessary to know the a and c quotients of the equation 
(22):  

After logarithmic calculation of both sides of this equation, the first 
degree polynomial is received:  

 t  a + c  = t c  = (t)Q a
sp ln)1(ln)(lnln 1 ++ ,  

Substituting:  

 x; = t  ba  ;b = c      y; = (t)Q osp ln;)1(lnln 1=+  

The lineal equation is received: 

y =  b  +  b xo 1               (20) 

Studies of cumulative fuel consumption are made in discrete way 
after several exploitation periods. After researches, two data vectors 
are received: 

 Qsp = [Qsp(t1), Qsp(t2), Qsp(t3),..., Qsp(ti),..., Qsp(tj)]T    (28) 

T = [t1, t2, t3,...,ti,...tj]T                (21) 

Assuming further that: 
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bo and b1 constants may be assigned by e.g. the use of the smallest 
squares method, with using the relationship: 

b
b

o T T

1

1







 = = −b X X X Y( )             (23) 

Assigned in this way, the model values of cumulative fuel con-
sumption may differ from the measured values. It is essential to 
evaluate those variations e.g. with the use of variation analysis.  

3. Example of cumulative fuel consumption ap-
plication. 
 

The example of cumulative fuel consumption application has been 
presented with the use of mileage data and exploitative fuel con-
sumption in the interurban bus. The received results are presented in 
the table 1. 

Table 3.1. Measurement and model calculation results of cumula-
tive fuel consumption and intensity of cumulative fuel consumption 
for interurban bus.  

Year Month Mileage 

Cumula- Cumula- 

Deviation 

Intensity 

ted fuel ted fuel of cumu-
li- 

consump- consump- ted fuel 

tion tion consump- 

  (model) tion 

1 2 3 4 5 6 7 
    km dm3 dm3 dm3 % dm3/km 

2008 3 8 475 2 398 2 566 -168 -6,55 0,296 
  4 22 119 6 473 6 564 -91 -1,39 0,291 
  5 30 352 8 902 8 948 -46 -0,52 0,289 
  6 40 360 11 942 11 828 114 0,96 0,287 
  7 50 178 14 917 14 639 278 1,9 0,286 
  8 56 079 16 724 16 322 402 2,46 0,285 
  9 61 310 18 268 17 811 457 2,56 0,284 
  10 71 338 21 065 20 659 406 1,97 0,284 
  11 80 732 23 604 23 319 285 1,22 0,283 
  12 91 266 26 610 26 294 316 1,2 0,282 

2009 1 100 275 29 145 28 833 312 1,08 0,282 
  2 109 375 32 043 31 393 650 2,07 0,281 
  3 119 139 34 675 34 134 541 1,59 0,281 
  4 129 620 37 495 37 071 424 1,14 0,28 
  5 144 326 41 513 41 185 328 0,8 0,279 
  6 155 790 44 560 44 385 175 0,39 0,279 
  7 166 083 47 359 47 254 105 0,22 0,279 
  8 176 856 50 349 50 253 96 0,19 0,278 
  9 187 697 53 189 53 267 -78 -0,15 0,278 
  10 197 834 55 895 56 083 -188 -0,33 0,278 
  11 208 124 58 639 58 937 -298 -0,51 0,277 
  12 217 564 61 316 61 553 -237 -0,39 0,277 

2010 1 220 896 62 313 62 476 -163 -0,26 0,277 
  2 231 005 65 277 65 274 3 0,01 0,277 
  3 243 371 68 552 68 693 -141 -0,21 0,276 
  4 254 045 71 345 71 642 -297 -0,41 0,276 
  5 264 875 74 263 74 631 -368 -0,49 0,276 
  6 276 369 77 356 77 800 -444 -0,57 0,276 
  7 283 886 79 555 79 871 -316 -0,4 0,275 
  8 295 767 83 092 83 143 -51 -0,06 0,275 
  9 310 180 87 450 87 108 342 0,39 0,275 
  10 322 336 90 727 90 449 278 0,31 0,275 
  11 334 192 93 800 93 705 95 0,1 0,275 
  12 345 974 96 928 96 938 -10 -0,01 0,274 

2011 1 357 589 100 183 100 123 60 0,06 0,274 
  2 370 388 103 633 103 631 2 0,01 0,274 
  3 382 100 106 701 106 838 -137 -0,13 0,274 
  4 383 657 107 094 107 264 -170 -0,16 0,274 
  5 383 657 107 094 107 264 -170 -0,16 0,274 

  6 393 544 109 723 109 970 -247 -0,22 0,274 
  7 401 939 112 063 112 267 -204 -0,18 0,273 
  8 405 952 113 172 113 364 -192 -0,17 0,273 
  9 414 268 115 413 115 637 -224 -0,19 0,273 
  10 424 574 118 126 118 453 -327 -0,28 0,273 
  11 434 051 120 631 121 041 -410 -0,34 0,273 
  12 443 657 123 253 123 663 -410 -0,33 0,273 

2012 1 451 783 125 532 125 881 -349 -0,28 0,273 
  2 459 481 127 679 127 980 -301 -0,24 0,273 
  3 467 009 129 764 130 033 -269 -0,21 0,273 
  4 473 923 131 494 131 917 -423 -0,32 0,273 
  5 475 807 132 118 132 431 -313 -0,24 0,273 
  6 481 673 133 716 134 029 -313 -0,23 0,272 
  7 487 251 135 290 135 549 -259 -0,19 0,272 
  8 492 990 136 853 137 112 -259 -0,19 0,272 
  9 501 186 139 149 139 343 -194 -0,14 0,272 
  10 511 135 141 744 142 051 -307 -0,22 0,272 
  11 522 669 144 704 145 188 -484 -0,33 0,272 
  12 536 734 148 365 149 013 -648 -0,43 0,272 

2013 1 546 919 151 240 151 781 -541 -0,36 0,272 
  2 552 672 152 851 153 344 -493 -0,32 0,272 
  3 560 556 154 914 155 485 -571 -0,37 0,272 
  4 569 504 157 131 157 915 -784 -0,5 0,271 
  5 579 744 159 705 160 694 -989 -0,62 0,271 

 
Having bus mileage and fuel consumption related to this mileage at 
the disposal, quotients b0 and b1 of the equation (31) were assigned. 
In the calculations the  3rd column ( table 1) of mileage presented in 
ln(km) with vector of value 1 create matrix X , whereas the 4th 
column (table 1) of fuel consumption presented in ln(dm3)  creates 
matrix Y. 

The values of model prediction quotients are included in table 3.2.  

Table 3.2. The values of model prediction quotients 

Regression statistics 

R multiple 0,999913 

R square 0,999825 

Matched square R  0,999823 

Standard mistake 0,01179 

Observations  64 

 

The model matching quotients to measured values are very high ( 
close to unity). The low variations of values measured during ex-
ploitation  to values  assigned on the basis of model (column 6 table 
1) are the result of that fact. Besides the first result, the percentage 
variation fluctuates in range of 3%. The graphic illustration of 
analyzed data is presented in fig. 3.1  

 

Fig. 3.2. Graphic illustration of measurement results and cumula-
tive fuel consumption calculations and its intensity of the re-
searched bus.  
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4. Conclusions 
 

The theory of cumulative fuel consumption has been presented. The 
example of interurban bus research results have shown the way of 
getting to mathematical model of cumulative fuel consumption and 
the intensity of cumulative fuel consumption. The high value of 
prescience quotients is not a case- similar values were obtained in 
various different cases. Conversance of mathematical model of 
cumulative fuel consumption allows to carry out comprehensive 
analysis of this significant exploitative parameter. 
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Abstract: This paper presents the analysis which is based on the parameters of the real device for producing a mixture of hydroxyl (HHO) 
and similar parameters to the real 2.0 SDI VW Golf MK V engine. Theoretical analysis has been made to principles of cooperation the 
engine with HHO’s generator. The effects of the gas on the engine and operating economy were established. The analysis was divided into 
quantitative and qualitative. Quantitative analysis was contained the theoretical  and economic calculation of the thermodynamic cycle 
taking into account the HHO gas. Qualitative analysis was concerned to the quality of combustion in the engine and the impact generator 
HHO to the quality of the combustion. 
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1. Introduction 

High costs of fuel are essential stimulus for working not only over 
new fuels or engine constructions but also they are the urge for 
working over the modification of the combustion process by adding  
or changing the participation of air components in the working load 
of diesel engine. One of such solutions is adding of hydroxide 
mixtures produced in the electrolysis method.  The present study is 
the introduction for breaking research carried out  in Zakład 
Pojazdów Samochodowychi i Silników Spalinowych ( Cars and 
Internal Combustion Engines Plant) and it is also a theoretical 
consideration of this technology, which takes into account 
thermodynamics rules as well as economic issues.  

1.1 HHO technology  

The HHO technology is understood as a system connected to the 
sparking ignition or diesel engine where the stoichiometric 
hydroxide mixture called HHO gas is supplied into the suction 
collector.  

HHO generator, which means water electrolysis cell, works on the 
basis of the following reaction: 

  OHHeOH 222 22 (cathode)  (1.1a) [1] 

  eOOHOH 2
2

1
2 22 (anode)     (1.1b) 

222 2

1
286 OHKJOH   (total)  (1.1c) 

This is the endothermic reaction in which electric energy is added 
in order to create oxygen and hydrogen. In the electrolytic cell, 
hydrogen is produced by cathode whereas oxygen by anode. 
Taking into account the characteristics of  hydrogen, oxygen and 

water and assuming that the energy comes from electric energy, 
the process goes adiabatically : 

V
Fn

H
V

o

ad 48,1



     (1.2) 

Thus the potential necessary for adiabatic process of the above 
mentioned reaction is followed by the pattern (1.2). Smaller 
potential than this will prevent the reaction process while bigger 
potential will cause heat production which results as a process 
loss.  Therefore it follows that in HHO generator powered by car 
installations (V= 12V) there may occur quite intensive electrolyte 
heating which may cause exploitation problems and may cause 
significant losses so it is not beneficial in the area of 
thermodynamics.  

2. Theoretical analysis 

In order to analyze theoretical basics of engine with HHO 
generator operations as well as to  estimate the impact of HHO 
gas on the engine work and profitability of exploitation the 
theoretic analysis was made. This analysis has been divided into 
quantity and quality one. The quantity analysis included theoretic 
calculations of the thermodynamic circle considering HHO gas 
and economic calculations. The quality analysis has described 
combustion in the diesel engines and, what is more, it tried to 
estimate the impact of HHO gas generator onto this combustion. 

2.1  Analysis of thermodynamic circle 

 The analysis of thermodynamic circle has been made on 
exemplary slow suction diesel engine. Such an engine had similar 
parameters to SDI 2.0 engine in VW Golf MK V car working on 
the highest power, which performance without HHO system were 
known and could be compared to obtained results. The analysis 
has been made to check whether the introduction of  HHO 
improves the thermodynamic efficiency of  the circle without 
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consideration of improving the quality of combustion. Especially 
there was investigated if HHO, as neutral gas in the combustion 
chamber, which supplies certain amount of heat, has an impact on 
the thermodynamic circle.  

The thermodynamic analysis was carried out by the use of 
patterns form [4] modified for consideration of the HHO impact 
as well as patterns based on one’s own thoughts.  

General assumptions  

Sabath’s Circle  

The maximum pressure of combustion is the same with or without 
HHO. 

HHO does not cause the growth of used heat factor. 

HHO gas does not need extra oxygen for combustion. 

Adding of HHO into the intake air causes the dilution of the 
intake air (more air is needed for combustion of 1kg of diesel oil) 
and it supplies additional  thermal energy because of combustion 
itself. 

In the consideration of the engine working cycle, it has been 
assumed that the whole  volume of engine is in one cylinder. Thus 
at the end it was not necessary to multiply obtained values by the 
number of cylinders. The results together with used patterns are 
presented in the following table. 

Table 2.1: The results of calculations and equations used for 
calculating the thermodynamic circle. 

 

 

Symbol Equation Value 
withou
t HHO 

Value 
with 
HHO 

Density of 
sucked air 

ρpow 

a
pow v

1
  1,05kg/

m3 

1,05 
kg/m3 

Density of 
HHO 

ρHHO 

sHHO
HHO TR

P1  0,33 
kg/m3 

0,33 
kg/m3 

Computatio
nal  
saltatory 
volume up 
to 1kg of 
diesel oil 

Vs 

v

at
s

vL

HHO
V


 '

%1

1





 

26,13m
3 

26,39m
3 

Fuel value 
of HHO 

WHHO 

02,18

02,2
2HHHO WW   

13,45
MJ/Kg 

13,45M
J/Kg 

Fuel value 
of fuel 
considering 
HHO 

W HHOscHHOON WVVHHOWW  )(% 

 
41,90
MJ/Kg 

43,13M
J/Kg 

Work of one 
cycle  

Work 

 
4

2

2

1

V

V

V

V

PdvPdvWork
1696 J 1726 J 

 

Heat 
provided in 
one cycle  

Q 
)( 2

cV

V
WQ   

2566J 2614J 

Efficiency 
of the 
thermodyna
mic circle  

 

Q

Work  0,6614 0,6604 

Work of one 
cycle for 
producing  
HHO 

WorkHHO HHOHHOHHOHHO WHHOVWork  /%1 

 
0J 154,50J 

Work of one 
cycle with 
considering 
HHO 
generator 

Worknet HHOnet WorkWorkWork 

 
1696J 1572J 

Efficiency 
of the circle  
with 
considering 
HHO 
Generator 

 

ON

net

Q

Work QON is the heat 

from combustion of oil 

0,66 0,61 

The use of 
fuel ONm  

 
ON

ON
ON W

nQ
m

2/60


 7,72kg/
hour 

7,60kg/
hour 

Engine 
power 

Power 

602 


n
WorkPower net

 

59,39K
W 

55,02K
W 

Unit use of 
fuel 

ge 

Power

m
g ON

e


  

0,130K
g /KW 
hour 

0,139K
g /KW 
hour 

 

3. Conclusions 

The abovementioned calculations leads to several important 
conclusions. 

Firstly, the theoretical result of power, 59.37 KW is pretty close to 
the actual 2.0 SDI engine power in VW Golf MK V car, which is 55 
KW [6]. The fact that theoretical calculations show higher power is 
caused by the resistance and loses in the actual engine. However, 
the theoretical and actual convergence of the power confirms the 
assumptions of those calculations.  

The most significant conclusion from those calculations is the fact 
that the adding of HHO gas does not improve the efficiency of the 
thermodynamic cycle in the diesel engine. Even without  
considering the energy necessary for producing HHO gas (which 
equals 0.6604), the efficiency of the thermodynamic circle is lower 
than the efficiency of the circle without HHO (0.6614). Considering 
the power needed for producing HHO the efficiency of the engine  
with HHO (0.57) is much lower than the efficiency without HHO 
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(0.66). The engine power is about 8KW lower and the unit use of 
fuel increases by about 6%. The increase of HHO amount does not 
cause any improvements of the efficiency of engine fed by HHO, 
while the decrease of HHO amount makes the performance of 
engines fed or not  by HHO convergent. From what has been said it 
follows that adding of HHO has a negative effect on the 
thermodynamic circle since the HHO generation consumes 
profusion of power.  Thus any improvements of engine 
performances must come from increasing of the heat use factor, 
which means the improvements of combustion quality of fuel-air 
mixture.  

It must be noticed that in the present analysis  HHO gas plays 
similar role to the fumes in the engines with EGR insulation as 
HHO is neutral gas which does not take part in combustion, except 
from providing heat. Nevertheless, in the case of ERG installation 
the neutral fume gasses work as cooling factor in order to reduce 
nitrogen oxides emission form fumes. Adding HHO gas, on the 
other hand, probably will increase the temperature of combustion.  
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Abstract: The paper presents a discussion of the combustion processes in the engine piston, in terms of ignition delay. The problem of the 
physical and chemical ignition delay is discussed  and equations which allow the calculation of ignition delay based on the theory of com-
bustion processes are presented. The paper proposes the use of a catalytic coating in the combustion space in order to shorten the ignition 
delay. The results of studies made on single diesel engine are displayed. Studies have confirmed a significant effect of the catalyst on the 
combustion process and shortening the ignition delay. Internal combustion catalyst used as a coating made of ZrO2 activated Pt and Rh 
deposited on engine valves, caused a shortening of ignition delay of about 1 - 3 degrees of crankshaft rotation. 

KEY WORDS: INTERNAL CATALYST, IGNITATION, PISTON ENGINEK 

 

1. Introduction 

Ignition delay, lasting only a few milliseconds, is a fragment in the 
diesel engine working cycle. Nevertheless, this delay is responsible 
for conditioning the effectiveness and ecological effects of engine 
work [1]. If the delay period lasts too long- the combustion goes 
rapidly ( laud engine work) and less effective    ( the toxic compo-
nents of fumes as well as the fuel consumption are increased). There 
is known the directly proportional correlation between lasting time 
of ignition delay period and deterioration of fumes quality, especial-
ly when the intensity of incompletely combusted hydrocarbons is 
concerned (among them mutagenic and carcinogenic multi annular 
aromatic hydrocarbons), in the exhaust gases in diesel engines [1].   

Delay period is longer in diesel engines where the time is counted 
from the moment of fuel injection  and the combustible mixture 
must be properly prepared during this period.  

Physical processes appearing in the cylinder after the fuel injection 
beginning, are necessary for air- fuel mixture preparation and for 
the pre ignition chemical reactions initiation. The time interval 
between the moment of fuel injection and the beginning of chemical 
chain reaction initiation which causes self ignition is called time of 
physical ignition delay . 

For the physical processes appearing in diesel engines during time 
of physical ignition delay belong primarily: 

- Fuel flow breakup into single drops 
- Heating and vapourization of single drops 
- Diffusion going in on the limits of fuel and air steams ( 

formation of flammable gas mixture). 

The impact on lasting time of chemical and physical ignition delay 
also have any modification of fuel that feed the engine [1]. Huang, 
Ren, Jiang, et.al [2] studied the lasting time of ignition period in ZS 
engine fed by fuel mixtures of diesel type- DMM ( Diesel-
dimethoxymethane). Those researches indicate the impact of fuel-
air mixture on  the ignition delay time, especially during the phase 
of diffusion processes going on [2]. 

Considering the abovementioned facts, the ignition delay time in 
injection engines is conditioned by the sum of physical and chemi-

cal ignition delay times [3]. It seems impossible to state the clear 
limit between the ending of physical ignition delay and the begin-
ning of chemical ignition delay. That is why the ignition delay has 
to be treated as a resultant of normalized physical- chemical 
processes in which the all transformations- both physical and chem-
ical appear simultaneously. Thus the ignition delay period  is the 
sum of physical and chemical ignition delay[11]: 

chfi τττ +=     (1.1) 

The impact on the ignition delay period have various factors which 
are, primarily, closely related to chemical properties of fuel and the 
composition of inflammable fuel mixture [1]. 

On the basics of empirical data and the analysis of kinetic relations 
Semenow introduced the model for ignition delay period which for 
fuels coming out from oil is following: 

RT
E

i

a

e
p
Tconst

5,0









=τ    (1.2) 

Where: p- mixture pressure, T- mixture temperature,   Ea- activation 
energy,  R -universal gas constant.  

After logarithmic calculations of the model, it is visible, that togeth-
er with the growth of pressure and temperature (exponential func-
tion) the delay period decreases [1]. 

Kavaradze, Zeilinger and Zitzeler [4] made engine researches con-
cerning measurement of ignition time due to the used fuel type, 
introducing for the first time paradigms for ignition delay of natural 
fuel and of several synthetic fuel variants.  

Thanks to applied research methodology, the results of those re-
searches suggested the validity of  the chain theory of ignition. 
According to the authors of those studies, the presented empirical 
paradigms can be used for engine fed by particular fuel working 
stimulation and for prediction of its ecological effects.  
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For diesel engine with direct fuel injection, which works with the 
use of classic diesel oil, the suggested paradigm goes as follows: 







= −

T
pi

4400exp55,0 3,1τ   (1.3) 

Where: p and T relates to pressure and temperature in the cylinder 
during the moment of fuel injection.  

Due to the fact that in present diesel engines the recirculation of 
fumes is used, for the paradigm (1) there has been added empirical-
ly assigned K factor. The value of this factor is determined accord-
ing to recirculation ratio. Thus the paradigm is: 







= −

T
Kpi

4400exp55,0 3,1τ   (1.4) 

Where:  09,09,0 zK =  for z = 5 – 40%  (1.5) 

From the abovementioned paradigm it follows that the temperature  
in the cylinder during the fuel injection moment is inversely propor-
tional to lasting time of ignition delay. The higher the temperature 
is, the shorter ignition delay time is. Because this relation decreases 
exponentially, thus even slight prevailing temperature increase in 
the cylinder during injection should result in noticeable effects of 
shortening ignition delay.  

William and Schmidt [5], while analyzing parameters of ignition 
initiation during the researches concerning catalytic oxidation of 
higher alkenes with the use of rhodium as an active factor, noticed 
that  introduction of even small amount  of catalyst in reactor simu-
lating the prevailing engine conditions  ( with certain limits con-
cerning the actual engine conditions, for the case of reactor con-
structed by the authors the adiabatic processes are present) results in 
high efficiency in limiting those compound emission. One of the 
authors’ suggestion is the thesis that the active factor introduced 
into combustion space causes the beginning of complicated chain 
reactions causing, at the same time, the shortening of chemical 
ignition time delay and therefore, the lasting time of adverse 
processes producing toxic, organic carbon compound is minimized.  

According to literature [1,4,5,6] it is possible to conclude that the 
modification of engine combustion space based on introduction of 
active factor (catalyst), may, with high probability, cause the short-
ening of chemical ignition delay through declining activation ener-
gy of pre ignition reactions.  

 

2.  Internal combustion catalyst 

The notion of internal combustion catalyst is understood by the 
authors as the fragment or entirety of walls creating the combustion 
space of internal combustion engine or the element of this space- 
e.g. valve, glow pug, which were covered with ceramic coating that 
composes catalytic substance media which is also soaked with this 
substance and activated. Internal catalysts , known in literature,  
were made through activation ( ion implantation) of the wall surface 
combustion space or through introduction of catalytic active materi-
al such as platinum tube or wire into this space.  

Trials of using internal catalyst,  which were described in literature, 
indicated its positive influence on the combustion process.  Howev-
er, it should be emphasized that the basis of the effectiveness of the 
catalysis process is the large amplification of the catalytic space and 
relatively high catalyst temperature. For platinum, high effective-
ness is noticed over the temperature of 500K.  
In literature, the presented solutions are characterized by  relatively 
low catalyst temperature and low amplification of space.  

The offered solution based on using the ceramic coating as media, 
according to coating property, causes quick obtainment of higher 
coating temperature, and thus higher effectiveness of the catalyst 
working.  

The catalyst placed inside combustion space may work in several 
combustion stages: 

a) in the phase of preparing inflammable mixture- cracking 
processes of injected fuel, 

b) in the pre fiery phase= shortening ignition delay, 

c) in the combustion period- the increase of combustion speed 

d) in the afterburner period- combustion of hydroxides in the boun-
dary layer, afterburning of CO and NOx reduction. 

According to its kind, size and catalyst placement as well as load 
and rotary speed of engine, the effectiveness of catalyst working 
may change in the particular stages. Is should be expected, howev-
er, that the adverse working may appear in e.g. NOx increase or 
fumes smokes increase.  

Offered by the authors, internal catalyst of combustion is made in 
the form of ceramic coating deposited on the element surface or 
combustion chamber wall. After depositing, the coating is polished  
in order to obtain even gage and then it is activated by precious 
metals with catalytic properties- in this case rhodium and platinum. 
After deposing of precious metals the coating faces calcinations and 
reduction processes. It may be predicted, that the most beneficially 
is making the active coating on the surface of piston combustion 
chamber. From the technical points , according to the present nega-
tive experiences connected with incommensurate durability of  
coating made on pistons, it has been decided to make the coating on 
the surface of valve mushrooms.  

 

Fig . 2.1. Scheme of internal combustion catalyst.  

Where form the above: active coating, ceramic coating, base layer, 
bed material.  
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As it has been mentioned, the necessary condition of catalyst work-
ing is possibly large surface on which the catalytic material is depo-
sited and its high temperature over 2500C.  

In the case of internal combustion catalyst, according to the present 
experiences, it has been decided to use the coating made of zirco-
nium oxide, partially stabilized by yttrium (PSZ), as the media. 
Yttrium stabilization prevents the adverse changes in the structure 
and the yttrium participation is of 8-20%  of weight.  

Ceramic media of catalyst should be characterized by fine bed 
adhesiveness, temperature shock resistance, aggressive environment 
( chemical and gas corrosion) resistance and the catalytic activation 
sensibility ( large surface amplification, porosity). 

3. Research location and measurement methods. 

For the purpose of engine research, the portion of valves with ce-
ramic covering and platinum active coating and with ceramic cover-
ing and platinum and rhodium activation. The gage of ceramic 
coating was of 0,3 mm. The coating was deposited with ZrO28Y2O3 
on the base of MCrAlY with the  gage of 100 µm. 

The valves were mounted to stationary single cylinder SB3.1 engine 
made based on SW680 engine elements. 

The engine was loaded with rotational current  Hennan-Froude 
brake which provides the stability of rotations and full range of 
load.  

For the measurement of fumes components URAS 10E no 
3.200418.2 analyzer, 4-gas Infralift 4000 and Infralift T4393/2238 
analyzers, as well as the NOx CLD type by Pierburg Co. analyzer in 
the final phase of researches  were assigned. 

The usage of fuel was measured by volumetric meter with the com-
pliance of fuel density.  

For the measurement of air usage, the system including reservoirs 
equalizing the air ripple and the  double flange ISO system with the 
measurement of clypeal pressure, were used.  

The measurements of combustion pressure and fuel injection of 
engine were made with the support of piezo quartz sensors ALV 
QP500, which were mounted in the fuel system before injector and 
in the engine head cooling adapter with the direct access to combus-
tion space. Ambient  parameters were measured by the support of 
the system- barometer, hygrometer and thermometer with conti-
nuous trace. Before each measure session the engine was examined 
and regulated in detail. The scheme of research location is presented 
in fig. no 3.1 its view and elements are visible in the fig. no 3.2.  

 

Fig. 3.1  Scheme of research location 

 

Fig. 3. 2. General view on the research location. 
 

About the diagram accuracy, concerning the changes of indicated 
pressure and its position towards reference point i.e. external turn, 
several measurement aspects are deciding. Among them there are:  
sensor calibration methodology ( static and/or dynamic), whole 
measurement line calibration, the location of pressure sensor in the 
combustion chamber, type of signal filtration, the frequency of 
sampling, accuracy of defined location of external piston turn 
(GMP).  

In the presented studies, sensor calibration has been made with 
accuracy of ± 0,01 MPa, but for the whole measurement line cali-
bration the amplifier, oscilloscope and 18 bits measurement com-
puter card were applied. For those devices the accuracy of  ± 0,01 
MPa  for the measurement extend of 0÷5 MPa  and ± 0,03 MPa for 
measurement extend of 0÷10 MPa were used. This diversity results 
from transformation of measurement impulses on the pressure value 
during different signals amplification in the amplifier and oscillos-
cope.  

The measurements of pressure in the combustion chamber were 
carried out for: 

- Different conditions of engine working: three different 
speeds (1200, 1400 and 1600 rotations/minute) with dif-
ferent loads and three different angles of the beginning of 
fuel squeezing 20, 23 and 27 oOWK, 

- Different construction modifications: “basic” condition- 
engine in standard version ( from producer), ceramic in 
the combustion chamber and platinum as catalyst, ceramic 
activated by platinum and rhodium.  
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4. Research results 

Disposing of actual pressure processes it was possible to indicate 
the values of angles of the combustion beginning – table 4.1.  

Table 4.1. Angles of combustion beginning for different conditions 
of engine working  

Angle of 
the 
begin-
ning of 
fuel 
squeez-
ing 
oOWK 
before 
GMP 

Combustion beginning,   oOWK before GMP 

1200 rot/min 1400 rot/min 1600 rot/min 

Basic 
condi-
tion 

with 
cata-
lyst 

Basic 
condi-
tion  

with 
cata-
lyst  

Basic 
condi-
tion  

with 
cata-
lyst  

 -20 - 1,10 - 4,70 - 3,40 - 4,20 - 2,30 - 5,60 

- 23 - 3,24 - 4,96 - 4,19 - 4,58 - 2,86 - 3,82 

- 27 - 11,00 - 11,8 - 11,2 - 11,2 - 9,5 - 11,0 

 

From the data presented in the table above, it follows that in the 
case of external catalyst using, the combustion process begins earli-
er than in the engine of basic condition.  

The combustion beginning is also a function of engine  rotation 
speed and together with its increase, the combustion beginning 
moves towards external turn (GMP). 

In the table 4.2 there were correlated values of pressures increase in 
the combustion phase for different conditions of engine working. 

Table 4.2. Preassure increase dp/dα in the combustion phase for 
different conditions of engine working. 

Angle 
of the 
injec-
tion 
timing 
[oCA]  

dp/dα,      MPa/oOWK 

1200 min-1 1400 min-1 1600 min-1 

Basic 
condi-
tion 

with 
cata-
lyst 

Basic 
condi-
tion 

with 
cata-
lyst 

Basic 
condi-
tion 

with 
cata-
lyst 

 -20 0,43 0,43 0,33 0,33 0,25 0,32 

- 23 0,29 0,47 0,20 0,47 0,31 0,35 

- 27 0,64 0,36 0,84 0,75 0,57 0,64 

 
The abovementioned research material indicates that, for the angles 
of squeezing beginnings  of 20 and 23 degrees before the external 
turn the value dp/dα are higher for the engine working conditions 
with internal catalyst than those for the basic conditions. Only for 
27 degrees angle and the speed of 1200 and 1400 rotations/minute 
diverse relationship was observed. The lack of clear tendency may 
be explained by the chance of angle optimum in the squeezing 

beginning for the engine with catalyst and thus, it is necessary to 
work out further researches towards optimizing engine regulations.  
 
5. Conclusions 
From what has been presented it follows that the use of internal 
combustion catalyst shortens the ignition delay of about 1 to 3 
degrees of crankshaft rotation. Shortening of ignition delay essen-
tially influences the improvements of engine working parameters, 
especially in the aspect of using fuels with variable composition and 
properties like biofuels.  The use of internal catalyst decreases 
engine sensitivity  to fuel properties, which allows to use fuels of 
lower quality that usually show increased angle of ignition delay, 
without adverse impact on combustion process and harmful fumes 
components emission.  
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Abstract: In the present paper the issue of external heat balance in the diesel engine is presented.  The methodology of heat balance estima-
tion, as well as the comparison of the researches results concerning engine with the common rail injection system, which is fed by mineral 
diesel oil and BMD biofuel has been presented. The impact of biofuel on the nature of changes in the heat balance has been estimated. The 
researches were performed on the measurement station based on the 13 points ESC test. It has been stated that the use of fuel assigned in the 
ESC test in the engine fed by biofuel (BDM) slightly increases in comparison to the engine fed by mineral diesel oil (ON). However, there 
can be noticed the change of the flow of energy input in the heat balance of the engine fed by both types of fuel.  

KEY WORDS:  HEAT BALANCE, DIESEL OIL, BIOFUEL, ESCK 

 

1. Introduction and theoretical basics of the heat bal-
ance 

The heat balance in the internal combustion engine is an equation 
thanks to which the energetic changes of the circuit can be esti-
mated. Making use of the balance  makes it possible to indicate the 
value of energy carried to the engine, the value of energy carried 
from the circuit as usable work, and the value of energy that is lost 
as emitted heat. On the basis on the measurement results of the 
mechanical engine work and thermal energy emitted by engine, the 
external heat balance can be determined. For the purpose of that 
determination the law of energy conduct that provides the heat 
balance equation is used. Thisequation goes as following: 

,0 rdysnswche QQQQQLQ +++++=    (1.1) 

Where : 
Qo – total amount of heat carried to engine, Le –  usable work,  Qch – 
heat carried to cooling factor, Qw – heat loss of fumes exhaust,, Qns 
– amount of heat lost due to imperfect and  incomplete fuel combus-
tion,, Qdys – dissociation  heat loss, 
Qr – the rest of balance which includes elusive heat loses carried to 
ambient  

 The basics for assigning the heat loss in the internal combustion 
engine is the calculation of energy carried to it in fuel.  
The heat flow carried to the engine is determined form the depen-
dence: in order to assign the heat flow carried to engine Q0 it is 
necessary to know its value and Ge. 

WGQ e=0                                                                           (1.2) 

 
Where: 

Ge- weigh of fuel carried in a time unit . kg, W- the fuel value of 
fuel kJ/kg 
 

The next heat balance component is the heat flow carried from the 
circuit into the cooling system Qch. 

Another important component of heat balance is the heat flow of 
engine fumes Qw.  

Other significant components of heat balance are heat losses com-
ing from imperfect and incomplete fuel combustion Qns as well as 
dissociation losses Qdys. 

,)1( WGQQ edysns ξ−=+      (1.3) 

Where:  

ξ - heat release rate 

Heat loses coming from engine radiation  are called the balance rest 
Qr 

Calculations algorithm will be presented due to the use of data from 
point 2 of engine work according to ESC test. During measurement, 
the 2nd engine was working with rotational speed of 2412.5 rota-
tions/minute and the load of 35.9 Nm. 

In the presented calculations the fuel value W of diesel oil has been 
assumed as constant and equal of 42700 kJ/kg.  

kWWGQ e ,733,334270079,00 =⋅==  (1.4) 

The usable engine power was assigned from the dependence: 
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The next heat balance component is the heat carried to cooling 
factor Qch . To compute it, one needs to know the input and output 
temperature of the cooling system and take into account their differ-
ences in the calculations. During measurement, it is essential to 
measure the speed of water flow (m) flowing through water meter. 
According to the fact that studied engine is cooled by the water 
solution, in the calculations the specific cooling factor heat has been 
assumed as the specific heat of  water cw=4,18, kJ/kg∙K. 
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The heat loss of fumes exhaust Qw has been assigned from the 
dependence:  
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• The amount of kilo moles of fumes and air (ns, np)  in 
time unit  

• Average specific heat for constant pressure Mcp 
• Fumes and air temperature 

The filling factor  for four-stroke engine is calculated in the follow-
ing way: 

s

p
v niV

V
30

=η     (1.10) 

 
][000350,004,1000336,004,1 kmolnn ps =⋅=⋅=  (1.11) 

 
After calculating the amount of kilo moles of fumes and air, it is 
necessary to calculate how many of them fall on the time unit. The 
calculations are to be made with the use of the following equation: 
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The assigning of specific air and fumes heat requires the analysis of 
their components in the determined conditions during the time when 
engine is working. It is necessary to determine the percentage per-
formance of each component and then, according to temperatures, 
match the proper specific heat of each of them.  
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(Mcp)p is assigned analogically to 

 

(Mcp)s. 

After substituting all already calculated values Qw  totals : 
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Dissociation losses Qdys and losses resulting from incomplete fuel 
combustion Qns  are assigned together. They are included in the 
combustion losses similarly to the previously mentioned component 
Qw. 

 

WGQQ edysns )1( ζ−=+    (1.17) 

Supercharged diesel engine has been studied. The heat release rate ζ 
for the engine is placed in limits of 0.6-0.8. It has been determined 
that ζ=0,8.  

dysnsws QQQQ ++=    (1.18) 

 
thus  

][41,1174,666,4 kWQs =+=   

 (1.19) 
 
Whereas Qr: has been assigned in test point 2 as : 

 
10,1[kW]6,74-4,66-3,1-9,065-33,730 ==−−−−−= dysnswcher QQQQNQQ      

(1.20) 
 
2. Measurement methodology and research location. 
 
For the purpose of the study there have been used diesel oil and 
BMD fuels. They were compared in the area of made-up heat bal-
ance concerning , above all, reached power. 
 
In the present studies there were used commonly available diesel oil 
and fuel with BMD ( Bio Mix Diesel) addition which were tested in 
the diesel engine of Fiat 1.3 JTD.  BMD fuel is a mixture of three 
components. In the first production phase rapeseed oil is mixed with 
butanol. Butyl alcohol is alcohol of high density and it is used as 
rapeseed oil solvent. Such an order of mixing both components 
results as mixture of similar density to diesel oil. This mixture is 
called BM (Bio Mix) [1] [2] [3] [6]. 
 
The studies which make use of two different types of fuel were 
made on 1.3 JTD Miltijet engine which is the second generation  of 
turbocharged engine with CommonRail system. 

 
Fig. 2.1.  1.3 JTD 16V engine on the test bed. 

 
The researches were made in properly equipped engine roller per-
formance tester in Department of Vehicle Engineering, Faculty of 
Mechanical Engineering, Wrocław University of Technology.  
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3. Measurements results. 
 
Engine working points have been matched according to ESC test 
proper procedures. They also have taken into account the external 
characteristics of the engine.  
 

 

 

Fig. 3.1.  ESC test points 

Figures 3.2 and 3.3 present total heat balance of engine fed by BMD 
fuel and diesel oil. 

 
Fig. 3.2. Engine power and heat balance formulated in kW of 1.3 
JTD 70CV engine fed by BMD fuel, assigned in ESC test points 
 

 
 

Fig. 3.3. Engine power and heat balance formulated in kW of 1.3 
JTD 70CV engine fed by diesel oil, assigned in ESC test points 

 
Taking units use of fuel of the studied engine in ESC test into con-
sideration, the results are as follow: 
  
Table 3.1 Comparison of units use of fuel in the ESC test concern-
ing engine fed by BMD and Diesel oil (ON) .   

ON BMD 

[g/kWh] 

304,26 320,52 
 

From what has been presented it follows that the difference in units 
use of fuel in engine fed by both types of fuel is not significant. 
From the calculated data it follows that the result is 5.53%. Howev-
er, the changes in distribution of heat proportions seem to be inter-
esting. It is clearly visible in the following diagram. 

 
Fig. 3.4. Participation of heat flow assigned in the ESC test of 

studied engine fed by diesel oil (ON) and BMD. 
 
4. Results analysis and conclusions 
 
From the analysis of the performed studies it is necessary to con-
clude that fuel additions such as butanol and rapeseed oil mixed 
with diesel oil in the proper proportions give the desired  energy 
effects. 
Assigning of heat balance allows to carry out the analysis concern-
ing the amount of thermal energy which is produced during com-
bustion process in various conditions of working engine fed by both 
types of fuel and it allows to compare the proper balance ingre-
dients. 
The consumption of BMD fuel is slightly higher ( due to its lower 
fuel value). In the performed studies under conditions of ESC test 
this consumption grows of 5%. 
It has to be explained why particular heat flow participations are 
changing according to different types of fuel used in the engine, 
especially because of the fact that the combustion heat of both types 
does not significantly differ.  
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Abstract: The fuel consumption of road vehicles is influenced by many factors. One of them is the acclerator position. Measurment of the fue 
lconsumption on a rollingstand was done for the quantification of this effect. The tested vehicle was Kia Cee´d with a petrol engine. The 
measurments were done in laboratory condiditons to give higher accuracy. The results describe the degree of the effect of the accelerator 
position. They can be used for the determination the position considering to the actual output power of the engine and for the detrmination of 
the correctly driver behavour. The correctly usage of the accelerator contributes to the reduction of environmental burden of transport. 

Keywords: ACCELERATOR POSITION, OUTPUT POWER, FUEL CONSUMPTION 

1. Introduction 
One of the most common bad behaviors of drivers is incorrect 

usage of the accelerator. His actual position is influencing the fuel 
consumption. With the decreasing of the distance between the 
accelerator and the floor, the fuel consumption is increasing very 
fast and the vehicle´s acceleration is increasing slower. This effect 
is higher with increasing ratio of the acceleration position. 

2. Measurement 
The measurement was done on the rollingstand. This equipment 

allowed to simulate different driving modes with high accuracy. So 
it is able to simulate vehicle´s drive at a constan speed, 
uphilldriving, acceleration or the mixture of them. The rollingstand 
MAHA LPS 2000 with external equipment – engine speed sensor. 
Except of the driving modes simulations, the rolling stand can 
measure the maximal wheelpower, engine effective (output) power, 
velocity and torque. 

For the measurement of the fuel consumption was used 
Flowtronic. This equipment measure the volume of the flowing 
liquid fuel (petrol) on the principe of the rotating pistons with rated 
volume. 

For the monitoring of the throttle position was used diagnostic 
unit Kia HiScan. This unit can be connected to the OBD port. It is 
measuring and visualising all operational data of the engine. It can 
be used only in the vehicles of the mark  Kia. 

The tested vehicle was Kia Cee´d with petrol engine of the 
volume 1,6 l, the output power 90 kW. 

The rollingstand, other equipment, the vehicle and laboratory 
are the property of the Department of the Road and Urban Transport 
at the University of Zilina. 

 
Fig. 1 Rollingstand in the laboratory. 

3. Vehicle dynamic specifications 
As the basic point of the output power which is needed to reach 

standard driving dynamic, it is necessary to terminate what is „the 
standard“. This standard driving and dynamic situations are: 

1. Driving at a constant speed (according to the 
conditions – urban area, extra-urban area, motorway) 

2. Accleration needed to reach a constant speed 
(according to the regulation ECE 101). 

3.1. Driving power equations: 

 Rolling resistance: 

(1)  𝑃𝑓 = 𝐺𝑇 . 𝑐𝑜𝑠𝛼. 𝑓. 𝑣 = 𝑚.𝑔. 𝑐𝑜𝑠𝛼. 𝑓. 𝑣[W] 

m – vehicleweight [kg], g – gravityaccleration[m.s-2], α – 
elevationangle [°], f – rollingcoef. [-], v – velocity [m.s-1] 

  

Aerodynamic drag: 

(2)  𝑃𝑣 = 1
2

.𝜌𝑣 . 𝑐𝑑 .𝑆. 𝑣3[W] 

ρV–airdensity [kg.m-3], cd – dragcoef. [-], S – frontalarea [m2]  

 Elevation: 

(3)  𝑃𝑠 = 𝐺𝑇 . 𝑠𝑖𝑛𝛼. 𝑣 = 𝑚.𝑔. 𝑠𝑖𝑛𝛼.𝑣 [W] 
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Accleration: 

(4)  𝑷𝒂 = 𝒎.𝒂.𝜹.𝒗      [W] 

a – drivingacceleration[m.s-2], 𝜹–rotatingmassescoef [-] 

 

 Summary of wheelpower: 

(5)  𝑃𝑘 = 𝑃𝑒 .𝜂𝑃 = 𝛴𝑃 = 𝑃𝑓 + 𝑃𝑣 + 𝑃𝑠 + 𝑃𝑎     [W] 

Pk – wheelpower [W], Pe – engine output power [W], 𝜼𝑷 – 
gearefficiency [-] 

The summary are considered for individual driving modes:
 1. Constant speed, no elevation 

 𝑃1 = 𝑃𝑒 . 𝜂𝑃 = 𝛴𝑃 = 𝑃𝑓 + 𝑃𝑣     [W] 

 2. Constant speed with elevation 

𝑃2 = 𝑃𝑒 . 𝜂𝑃 = 𝛴𝑃 = 𝑃𝑓 + 𝑃𝑣 + 𝑃𝑎     [W] 

 3. Acceleration (only without elevation) 

 𝑃3 = 𝑃𝑒 .𝜂𝑃 = 𝛴𝑃 = 𝑃𝑓 + 𝑃𝑣 + 𝑃𝑎     [W] 

 

3.2. Input vehicle values 

m = 1518 kg (1263 kg empty vehicle + 3 persons á 75 kg 
and 30 kg luggage) 

 f = 0,01 

 cd = 0,32 

S = 2,05 m2 

δ = 1,05 – 1,11 (according to the actual gear) 

ηP = 0,93 

  

- Other factors are considered with values in refrence 
physical conditions  

 

For the calculation of „normal driving power values“ was 
necessary to set casual acceleration and velocity values. Velocity at 
constant speed was chosen as border or round values used in cities, 
local roads or highways. For the set of accleration was chosen as 
basic the values used in the ECE Vehicle Regulation n. 101. 

Table 1: Acceleration values 

Our values Reg. No. 101 
Velocity 
(km.h-1) 

Acceleration 
(m.s-2) 

Acceleration 
(m.s-2) 

Velocity 
(km.h-1) Cycle 

15-30 0,8 0,79 (15-32) urban cycle 
30-50 0,5 0,45 (35-50) urban cycle 
50-70 0,45 0,4 - 0,43 (50-70) urban cycle 
70-90 0,25 0,24 (70-100) extra-urban 

90-110 0,25 0,24 (70-100) extra-urban 
110-130 0,3 0,28 (100-120) extra-urban 

 

 

 

 

 

Table 2: Engine output power  

Engine output power (kW)  

Mode Elevation 
(%) 

Velocity (km.h-1) 
30 50 70 90 110 130 

Constatnt 
speed 

0 1,6 3,4 7,1 12,4 20,2 31,1 

3 5,6 10,1 16,4 24,4 34,9 48,5 

6 9,6 16,7 25,7 36,3 49,5  - 

9 13,6 23,4 35,0 48,3  -  - 

12 17,5 29,9 44,2 60,1  -  - 

15 21,4 36,4 53,2 71,8  -  - 

Acceleration 

Acceleration (from - to, velocity) 
15 -
30 

30 -
50 

50 -
70 

70 -
90 

90 -
110 

110 
-130 

13,6 16,0 22,4 23,2 33,4 46,6 
 

Table 2 describes the engine output power calculated accroding 
to the equations of the driving power (Eq.1 - 5).  The red numbers 
are the border values, which occur infrequently during normal 
operation. The elevation values and the velocity were set according 
to the border or round values. E.g. the elevation 6% is usualy at 
local roads where is the speed limit 90 km/h, but i tis rather an 
exception on highways. So it is not necessary to considere with 
output power in these columns ( - ). The power values during 
accelerations were set as the largest value of the output power in the 
corresponding interval. 

 

4. Accelerator position and fuel consumption 
Table 3: Accelerator position and output power 

Throttle 
position 

(%) 

Accelerator 
position 

(%) 

Engine output power (kW) at rpm 

2100 2500 2700 3300 3500 3900 

78,8 
100 29,7 35,6 40,1 48,7 51,9 59,6 

32,2 41 26,7 32,1 36,0 43,8 46,7 53,7 

20 25 24,0 28,9 32,4 39,4 42,0 48,3 

16,1 20 21,4 25,7 28,9 35,2 37,5 43,1 

13,7 17 17,9 21,5 24,2 29,4 31,3 36,0 

11,4 14 14,6 17,5 19,6 23,9 25,5 29,2 

10,2 13 12,4 14,9 16,8 20,4 21,8 25,0 

9 11 9,9 11,8 13,3 16,2 17,2 19,8 

7,8 10 7,7 9,2 10,3 12,6 13,4 15,4 

6,7 9 5,5 6,6 7,4 8,9 9,5 11,0 
 

This table describes the most often used output power and 
operational engine rotation. These values was calculated according 
to the previous table. The colour of each column represents driving 
mode and corresponding elevation from the previous table. This 
calculated power occurs during the vehicle operation descibed in 
the previous tables. 

Throttle position was identified through HiScan diagnostic. I tis 
necessary to note, that the accelerator position and the throttle 
position are not the same values.   
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The table shows the area of the accelerator position used during 
the „normal“ operation. The operational range of the accelerator is 
in the inetrval of 0 – 40 % of its whole range. It seems that every 
position out of this inetrval is unnecessary, because the output 
power increases very slowly (see fig. 1), but the fuel consumption 
considerably (see fig. 2). 

 

 
Fig. 2 Effective range of the accelerator position 

Figure 2 shows the incresing output power according to the 
accelerator position (0% is idle, 100% is kick down). The output 
power values and increasing characteristics in the interval up to 40 
% is optimal for the vehicle operation.  

 

Table 4: Accelerator position and fuel consumption 

Accelerator 
position 

(%) 

Fuel 
consumption 

(l/100km) 

Output 
power 
(kW) 

100 25,76 35,6 

41 21,09 32,1 

25 19,96 28,9 

20 15,29 25,7 

17 13,84 21,5 

14 11,43 17,5 

13 9,98 14,9 

11 8,37 11,8 

10 7,08 9,2 

9 7,89 6,6 
  

Table 4 shows the characteristic the fuel consumtion according 
to the accelerator position. The right column represents the output 
power needed to drive the vehicle at the velocity 50 km.h-1 
(colouration to the elevation and acceleration). The blue square 
borders the output power needed to the accleration to the velocity 
50 km.h-1 .The fuel consumption values are rusults of the fuel 
consumption measurement done at engine speed of 2500 rpm using 
the 3rd gear which corresponds the velocity 50 km.h-1.   

 

 
Fig.3 Course of the fuel consumption and the output power 

 

5. Conclusion 
The results point to the fact to mind during driving. I tis the 

reality that accelerator position does not correspond with the engine 
output power, vehicle dynamics and fuel consumption. During the 
accelerator pushing down (from the idle to the kick down), the 
output power is increasing less and the fuel cosumtion is increasing 
more. The optimal operational range of the accelerator is up to 40% 
of the total range. Over this interval is the vehicle operation less 
effective from the economic and environmental point.  

 

6. Literature 
[1] Šarkan B., Skrúcaný T., The issue of measuring the fuel 
consumption of road freiht vehicles with a volumetric flowmeter 
[Problematika merania spotreby paliva cestných nákladných 
vozidiel objemovým prietokomerom]/In: Machines, technologies, 
materials [elektronický zdroj] = MTM : international virtual journal. 
- ISSN 1313-0226. - 2013. - Vol. 7 , no. 8 (2013), online, s. 36-39., 
trans & MOTAUTO ´13 [elektronický zdroj] : XXI international 
scientific and technical conference on transport, road-building, 
hoisting transportation engineering and technology : 01.-02.07 2013 
- Varna, Bulgaria : proceedings. - [S.l. : s.n.], 2013. - ISSN 1310-
3946. Year 21, no. 7, 8, 9/144/145/146 (2013), CD-ROM, [4] s 

[2] V. Rievaj, A. Kalašová, J. Rievaj., Fuel consumption and 
driving resistances [Spotreba automobilu a jazdné odpory] / In: 
Archives of transport system telematics. - ISSN 1899-8208. - Vol. 
5, iss. 2 (May 2012), s. 32-36. 

[3] Branislav Šarkan, Ján Vrábel., Modification of the engine 
control unit and its impact on fuel consumption and vehicle 
performance [Úprava riadiacej jednotky motora a jej vplyv na 
spotrebu paliva a výkonvozidla]/In: Doprava a spoje [elektronický 
zdroj] : internetový časopis. - ISSN 1336-7676. - 2012. - Č. 2 
(2012), online, s. 375-380.  

[4] ECE Regulation No. 661/2009 

[5] ECE Regulation No. 1222/2009 

[6] ECE Regulation No. 101 

0,0

10,0

20,0

30,0

40,0

50,0

60,0

0 20 40 60 80 100

En
gi

ne
 o

ut
pu

t p
ow

er
 (k

W
) 

Accelerator position (%) 

Effective range of accelerator position 

2500
rpm

2700
rpm

3300
rpm

0,00

5,00

10,00

15,00

20,00

25,00

0,0

5,0

10,0

15,0

20,0

25,0

30,0

35,0

0 20 40 60 80 100

En
gi

ne
 o

ut
pu

t p
ow

er
 (k

W
) 

Accelerator position (%) 

Output
power (kW)

Fuel
consumptio
n (l/100km)

Fu
el

 c
on

su
m

pt
io

n 
(l/

10
0k

m
) 

 

33



POSSIBILITIES OF MEASURING THE BRAKE SPECIFIC FUEL CONSUMPTION  
IN ROAD VEHICLE OPERATION 

 
Ing. Šarkan B. PhD.1, Ing. Skrúcaný T.1, Ing. Majerová Z.1 

The Faculty of Operation and Economics of Transport and Communications– University of Zilina, the Slovac Republic 1 
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Abstract: Fuel consumption is one of the most important operating characteristics of road vehicles. In operation of road vehicles there we 
usually express fuel consumption in l/100 km for driving performance, or l/h when the car engine is idling. The fuel consumption can be 
quantified by several methods, and it affects a number of factors (driver, vehicle, and environment). It can be considered as a posteriori 
consumption, i.e. operational consumption. The priori fuel consumption (inserted, pre-defined) based on the construction properties of 
respective engine. Most often it is the priori fuel consumption expressed by measuring the effective consumption, which defines the amount 
of fuel consumed per unit of effort and time. It is usually quantified at a time when the engine is mounted to the vehicle itself. The 
contribution presents a practical example of measuring the effective fuel consumption in operation of road vehicles. 

Keywords: FUEL CONSUMPTION, FUEL FLOW METER, ROLLER TESTER 

 

1. Introduction 
Specific fuel consumption and other technical parameters of the 

internal combustion engine are determined in the laboratory with 
using a dynamometer. Here we can be testing engine for under 
various operating conditions which are occurring in practice. The 
results of individual measurements are processed and they putting 
in diagrams – engine characteristics. [1]. 

We recognize the following type of fuel consumption 
formulation.  

Fuel consumption per hour – Mp - is mass rate of flow fuel in 
the combustion engine [kg.h-1]. 

Brake specific fuel consumption – BSFC is the quantity, which 
expressing how much fuel uses the engine on perform useful work 1 
Joule. This is calculated from the relation: 

  
BSCF [g.kW-1.h-1] 

PE -   Effective engine power (kW) 

 

Engine speed characteristic is the best known and the most 
widely used from characteristics. The course of BSFC is part of this 
characteristic. It is detected by help constantly open throttle valve 
(usually 100%). 

 

2. Methodology of measuring BSFC in operation 
of road vehicle 

1 Measurement technology 

For measuring fuel consumption is needed in the laboratory 
conditions ensure that is using following measuring technique: 

• roller tester with accessories - this type of diagnostic 
equipment is used in the measurement of fuel 
consumption as a driving simulator. It allows movement 
of the vehicle in laboratory conditions with simulating 
load (air resistance, rolling resistance, resistance 
gradients) at different speeds. 

• device for determining the fuel consumption - measuring 
technology, whose role is to quantifying the amount of 
fuel consumed by the engine road vehicle during the 
implementation kind of measurement.  

• additional measuring equipment - in this group may to 
include, for example. diagnostic equipment to enable 
communication with the engine control unit to obtain 

additional data (temperature, vehicle speed, etc.), or 
densimeter when using the volumetric method. 
 

Tests of the measuring fuel consumption are performs out in 
laboratory conditions, the Department of Road and Urban Transport 
on the measuring devices: 

• Maha LPS 2000 - representative of roller tester 
• Flowtronic 205 - volumetric flow meter for measuring 

fuel consumption of vehicles with diesel or petrol engine 
• Datron DFL-3 - volumetric flowmeter for measuring the 

fuel consumption of trucks. 
• Laboratory balances Kern KB 10000 - laboratory 

balances that are used at gravimetric method. 
• Densimeters 

 

2 Calculating BSFC 

Measurement requires the recording of the following parameters 
on the roller tester: 

• Effective engine power - PE [kW] - Performance is 
quantified from the measured power to the wheels - PW  
by adding the power loss - PL (transmission…) 

PE = Pw + PL [kW] 
 

• Engine speed - n [min-1] 

• Torque - M [Nm]. Torque is quantified by calculation 
according to the formula: 

 
PE [kW] 

n [rpm] 

 
• Fuel consumed - FC [cm3]. It registers the volumetric 

flowmeter at a specified unit of time (eg, 30 sec, 1 min.) 

• Fuel consumption per hour - Mp [kg.h-1]. We calculated 
according to: 

 
FC – fuel consumption [cm3] 

ρF - fuel density [eg. gasoline 0.75 g.cm-3] 

tM – interval measurement  of one point of the curve (eg, 
30 sec, 60 sec) Accurate measurement ensures a longer measuring 
period but at higher loads, the engine is occurring of the overheating  
roller tester. 30 second measuring period is used in practice. 
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• BSFC can  be calculated according to the equation: 

 

3.  Practical example of BSFC measurement 
Results were measured in the laboratory of Department of Road 

and Urban Transport on vehicle Kia Ceed 1.6 CVVT with the 
following parameters: 

Table 1: Vehicle data  
Car brand Kia Ceed Engine code G4FC 

Engine 
Capacity 1591 cm3 Length 

4265 cm 

Fuel Petrol Width 
1790 cm 

Cylinders 4 Height 
1480 cm 

Max. power 90 kW, 6200 rpm Empty mass 
1163 kg 

Max. torque 154 Nm, 4200 rpm 

Max. 
permissible 

mass 
1710 kg 

Top speed 192 km.h-1   
 

According the above procedure shall be calculated the 
individual engine parameters needed for assessment measuring the 
BSFC. However, it is useful to know duration the special fuel 
consumption throughout the engine speed range and load. Engine 
speed characteristics recorded only progressions at full open of the 
throttle valve (ie when is fully pressed the accelerator). In tab. 2 are 
recorded the results of the required parameters for setting of specific 
fuel consumption for constant engine speed 2510 rpm. The first 
column shows the value of full the throttle valve opening statement 
of actual values obtained through internal diagnostics HiScan.  

Table 2: Measurement results at 2510 rpm 
Opening 
throttle 

valve (%) 
PW 

[kW] 

Velocity 

[km.h-1] 

n 

[rpm] 

FC 

[cm3] 

PL 

[kW] 

7,1 5 49,7 2510 27,89 0,65 

15,7 21,5 49,7 2510 67,06 2,80 

25,1 27,1 49,2 2510 82,34 3,52 

35,7 28,6 49,7 2510 88,98 3,72 

45,1 29,1 49,7 2510 90,30 3,78 

55,3 29,5 49,7 2510 90,30 3,84 

65,5 29,7 49,7 2510 92,30 3,86 

72,5 31,2 49,7 2510 105,58 4,06 

78,8 31,3 49,7 2510 107,57 4,07 

Opening 
throttle 

valve (%) 
PE 

[kW] 

Mt 

[Nm] 

Mp 

[kg.h-1] 

BSFC 

[g.kW-1.h-1]  

7,1 5,75 21,87 2,51 436,73  

15,7 24,71 94,02 6,04 244,24  

25,1 31,15 118,51 7,41 237,89  

35,7 32,87 125,07 8,01 243,60  

45,1 33,45 127,26 8,13 242,98  

55,3 33,91 129,01 8,13 239,69  

65,5 34,14 129,88 8,31 243,33  

72,5 35,86 136,44 9,50 264,96  

78,8 35,98 136,88 9,68 269,09  

 

From results it can be constructed so called Workload 
characteristics of the engine (Fig. 1). Measurement the load 
characteristics allows to construct the multiple modes engine 
complete engine characteristics, from which it is possible count 
almost all important engine parameters throughout the load range.  

 
Fig. 1 Load characteristic  

 

The engine parameters shall be recorded at full throttle valve 
opening for compiling the external characteristics of the engine. In 
the particular example is the final row the measured values in table 
2. A value thus obtained defines the external characteristics of the 
engine for the entire speed range. In Table 3 are the values 
measured for the Kia Ceed at engine speed 1700-6300 rpm. 

Table 3: Values  of engine external characteristic 
n 

[rpm] 

BSFC 

[g.kW-1.h-1] 

PE 

[kW] 

Mt 

[Nm] 

1700 289,48 21,47 119,90 

1900 286,26 24,63 123,81 

2100 273,76 28,82 130,41 

2300 278,39 32,09 133,25 

2500 269,09 34,58 131,56 

2700 272,11 38,87 136,98 

2900 270,17 41,58 136,46 

3100 265,78 44,07 135,76 

3300 269,49 47,23 136,27 

3500 284,58 50,40 137,12 

3700 277,48 54,92 141,36 

3900 287,15 57,86 141,30 

4100 297,60 63,05 146,51 

4300 306,32 66,33 146,97 

4500 293,41 68,03 144,04 

4700 313,74 70,29 142,81 

4900 343,88 71,08 138,24 

5100 340,52 76,95 143,81 

5300 352,10 75,60 135,95 

5500 355,60 77,18 133,52 

5700 357,84 76,95 128,70 

5900 362,20 80,68 130,15 

6100 361,92 80,91 126,25 

6300 369,31 80,91 122,45 
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Fig. 3 Engine characteristic  

4.  Conclusion 
Measuring the specific fuel consumption is difficult in operation 

road vehicles. This type of measurement requires a rolling tester 
and flowmeter. This type of measurement requires a test cylinder 
and flow meter to record the amount of fuel consumed . This 
characteristic defines in which areas (speed range) engine operates 
the most economical, respectively. the most effective in terms of 
performance parameters. It is area around speed of 3000 min-1 in the 
example of figure 2. It is surprising that when the vehicle is driven 
in said areas does not reach the lowest operating vehicle fuel 
consumption (l/100 km), because the engine works  enough big 
output, and vehicle goes either relatively quickly or uphill. 
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1. AIM AND CONTENT 
 Authors took up the issue of engine simulation and tuning. 
Engine taken into consideration is developed since 1983 and 
nowadays is one of the best engine used in speedway. That makes it 
hard to improve. Therefore the author decide to use modern 
computer design technics. In racing, where the few Nm is the 
difference between winning and losing, every improve is important. 
Aim of this description is show nowadays possibilities of improving 
engine parameters by changing characteristic of flow. 
2. PRINCIPLE OF ENGINE TUNING 

Every engine consists of block and cylinders, each 
cylinder has a bore and stroke. On this data it is possible to define 
displacement of the engine, bore to stroke ratio and mean  piston 
speed (Cp). Cp parameter is very high for a racing used engines. 
Nowadays Moto GP engines has mean piston equal 25m/s. 

Bore to stroke ratio: 𝐾𝑏𝑠 = 𝐵
𝑆
   (1.1) 

Engine displacement 𝑉𝑒 = 𝜋
4
𝑥 𝐵𝑚𝑚

2

100
𝑥 𝑆𝑚𝑚

10
 (1.2) 

Mean piston speed [m/s] 𝐶𝑝 = 2𝑥 𝑆𝑚𝑚

103
𝑥 𝑁𝑟𝑝𝑚

60
 (1.3) 

 Important factor, especially in racing engines is power and 
torque. Torque is taken from the engine dynamometers 
measurements or could be calculated from brake mean effective 
pressure (BMEP). Power is a value which results from torque and 
rotational speed of the engine. 
Power [kW]: 𝑁 = 2𝜋

103
𝑥𝑇𝑂𝑅𝑄𝑈𝐸𝑁𝑚𝑥

𝑁𝑟𝑝𝑚
60

  (1.4) 

or: 𝑁 = 𝐵𝑀𝐸𝑃𝑏𝑎𝑟𝑥105

103
𝑥 𝑉𝑒
106

𝑥 𝑁𝑟𝑝𝑚
60

𝑥 𝑛𝑐𝑦𝑙
2 𝑟𝑒𝑣𝑠 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

  (1.5) 

BMEP is proportional to the torque of the engine. Typical 
BMEP value in MotoGP engine is a 14 bar at 16,100 rpm. IMEP is 
18,52 bar, PMEP is 1,26 bar and FMEP is a 3,26 bar. BMEP is 
rarely higher than 14 bar. For example racing motorcycle engine 
from 1955 has BMEP equal almost 14 bar. Nowadays MotoGP 
engines has BMEP also about 14 bar, but the power is taken from 
the rpm’s. Todays that BMEP is achieved in about 17 000 rpm and 
in old engines it was only 7000 rpm. Mechanical efficiency of that 
kind of modern engine is a 75,6 %. 
 Another important factor is delivery ratio (DR). It is 
talking about how many air is taken by the engine. 

𝐷𝑅 =
𝑀𝑐𝑦𝑐𝑙𝑒
𝑎𝑖𝑟

𝜌𝑟𝑒𝑓𝑉𝑒
=

60
𝑁
360

∫ 𝐶𝑑𝜌𝑐𝐴𝑡𝑑𝜃
𝑏𝑑𝑐
𝑡𝑑𝑐

𝜌𝑟𝑒𝑓𝑉𝑒
~ ∫ 𝐴𝑠𝑡𝑝𝑑𝜃

𝑏𝑑𝑐
𝑡𝑑𝑐
6𝑁𝑉𝑒

  (1.6) 

ρref- air density 
Cd- discharge coefficient 
c-particle velocity 
At-flow area 
Asta-specific time area 
dθ-crank angle 
It is different than volumetric efficiency because it takes into 
account the air density which for example various with altitude. 
Increase of DR gives increase of BMEP, torque and power . 
It have to be explained that At is a side area of cone in geometry 
meaning. It is characterized by valve lift, valve diameter, valve and 
valve seating shape. Flow area vary with crankangle. Specific time 
area (Asta) has units of s/m. It is area under the intake (or exhaust) 
line from tdc to bdc like it is shown on figure 2.1.  

 
Fig. 2.1 Intake specific time area [3] 

On this equation it could be assumed that the best engine is engine with high At and Cd. 
 
Engines are always tuned with some designation. In daily 

used vehicles it is tuned to high torque on low part of rotational 
speed and connected with that low fuel consumption and relative 
low cost. In sport vehicle it is high brake power. Fig.2.2 shows 
different characteristic of volumetric efficiency in regular passenger 

vehicle and in racing vehicle. That characteristic is mainly regulated 
by length of the ducts, cross section area of the ducts, and camshaft 
shape which has been shown in the next part of description. Fig. 2.3 
shows particle velocity in ducts with three ducts size. The goal is to 
have maximum particle velocity about 0.5 mach number. [3

] 
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Fig. 2.2 Characteristic of volumetric efficiency in regular passenger vehicle and in racing vehicle [6] 

  Showed data are for 16100rpm Moto GP engine. It is clearly visible that the best values are for standard solution with Km exhaust 
1,2 and Km intake 0,95. 

 
Fig. 2.3 Particle velocity with different ducts length [3] 

 

 
In racing there are used bell ended ducts which are called 
bellmouths. There are used to improve discharge coefficient or 
because of regulation -before area reducer. Optimal bellmouth is a 
bellmouth which gives minimal discharge coefficient.  

On the numerical discharge coefficient (CD) value 
strongly affects pressure ratio(P0/Ps). However, finally the value of 
that coefficient is a ratio of measured the mass flow rate to the 

theoretical mass flow rate, or ‘vena contracta’ area to real pipe area. 
[2] 

In [2] bellmouth measurement was done by attaching 
them to the tank with lower pressure. The obtained results are 
similar to those which were computed (fig. 2.4). They are similar in 
both numerical and as a trend way. It is worth to sad that authors 
noted that pressure ratio in real engine is rarely higher than 1,1. 
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Fig. 2.4 CD values at different pipe ends [2] 

 
The investigation shows that CD value is the best for 

short and fat shaped bellmouth. The entry diameter should be 
equal to the exit diameter multiplied by 2,13 and corner radius 
should be equal to 8% the of intake diameter. It is important to 
mentioned that aero profile gives lower results than the elliptical 
profile. 
3. INVESTIGATED ENGINE 
Engine under investigation is GM 500. That is engine designed 
by Giuseppe Marzotto. It was built in 1983 and is still in use. It 

has 4 valve engine head with camshaft inside. Maximal brake 
power is about 50kW. Weight of that engine is about 25kg. There 
are many available parts to this engine. It is possible to assemble 
many engines with completely different characteristic. There are 
three main types of that engine characterized by bore and stroke: 
standard, offset and baby offset.  Figure 3.1 shows more detailed 
information about engine under investigation which was taken 
from [9] and measured.

 
  
 
 

No. Of cylinders 1 

Strokes per cycle 4 

Engine Type Spark Ignition 

Bore 90 mm 

Stroke 78,5 mm 

Displacement 496 ccm 

Connecting rod lenght 166,5 mm 

Compression Ratio 17 

Engine head OHC / 4 valve 

 
Fig. 3.1 Investigated GM500 parameters. 
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4. GEOMETRY  

 
Fig. 4.1  Flow contours of bellmouth and carburettor. 

 
Taken into consideration part of engine is bellmouth wit 

carburetor, General dimensions important from the flow point of 
view (interior volume) of assembled bellmouth with carburetor has 
been measured with caliper (Fig. 4.1). 

More detailed measurement of bellmouth has been done on 
university special equipment. Figure 4.2 shows results. 

 
Fig. 4.2 Coordinates of area reducer chart 

5
. FLOW MEASUREMENTS 
 Measurement device is designated to flow measurement 
of any ducts, mainly engine cylinder heads, manifolds and other 
exhaust or intake system elements. Schema of the device shows fig. 
5.1. The flow could be enforced by under and over pressure 
measured by test pressure meter. The pressure could be regulated by 
flow control knob. The value of flow is read from the flow meter. 

The area reducer is mounted and sealed through the adapter. Device 
has two thermometers to better control of boundary conditions. On 
flow measurement device was being measured flow through 
bellmouth. Maximum under pressure was 800mm H2O because 
higher values was unsteady. Obtained characteristic of mass flow 
seems to be correct (fig. 5.2). 
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Fig. 5.1 Measurement device schema (based on figure from [7] ) 

 
 

Table 5.1 Flow through area reducer measurement results 

p1/p2 p1 p2 γ R T �̇� 

 
[Pa] [Pa] 

 
[ 𝐽

(𝑘𝑔∙𝐾)
] [K] [kg/s] 

1,010 101000 100019 1,401 287,05 313 0,048 
1,013 101000 99725 1,401 287,05 313 0,052 

1,020 101000 99038 1,401 287,05 313 0,061 
1,025 101000 98548 1,401 287,05 313 0,067 
1,030 101000 98057 1,401 287,05 313 0,071 
1,040 101000 97076 1,401 287,05 313 0,080 

1,050 101000 96193 1,401 287,05 313 0,087 
1,084 101000 93152 1,401 287,05 313 0,108 

 

 
Fig. 5.2 Measured mass flow through area reducer versus pressure ratio 

 

6. CFD SOFTWARE 
 CFD stands for computational fluid dynamics. It is part of 

fluid dynamics science which use to the calculation digital 
computers. It shows fluid behavior based on conservation of mass, 
momentum and energy. This method has a lot of advantage. It is 
quick and cheap and parameters can be easy changed.  

Even though this methods are being developed for several 
decades they are still not 100 % accurate. On final result influent 
few errors like: discretization error, input data errors, initial and 
boundary condition error. [4] 

 Ansys Fluent software allow to model 3D or 2D flow, 
turbulence, heat transfer and reactions. It is based on final volume 
method. Ansys postprocessor shows high quality image, videos and 
charts. [5] In this article fluent is used to model flow through area 
reducer, which has to complicated shape to Ricardo Wave 
modelling. Geometry was provided by Autodesk Inventor. [8] 

Very helpful in engine improvements is 1D simulation done 
for example by Ricardo Wave. That is computational fluid dynamic 
software designed to support engine design and analysis.  

It could simulate: 
• Engine performance 

0,04

0,06

0,08

0,1

1 1,02 1,04 1,06 1,08 1,1

M
as

s f
lo

w
 [k

g/
s]

 

Pressure ratio 

41



• Acoustic and noise 
• Combustion and emissions 
• Thermal phenomena 

In this project especially important is performance part. It allows to 
choose the best intake, combustion and exhaust system 
configuration. 

Computer modelling of engine has a big advantage that it 
easy allows to show how engine works with many variations of 
geometry of engine head, inlet, exhaust system and many others 
details. Fig. 6.1 shows computed and measured power and torque of 
the engine G50. It is a little similar engine to engine under 
investigation. G50 is a four stroke, single-cylinder, air-cooled 
499ccm motorcycle engine [1]. 

 
Fig. 6.1 Power and torque of the G50 engine [1] 

7. SIMULATION 
The first step is to model the geometry which was done in Autodesk Inventor software and next modelling the mesh. 

 
Fig. 6.1 Mesh of area reducer 

 

Mesh presented on fig. 6.1 was created at Gambit 
software. It is 882101 nodes mesh with 1383645 elements. Mesh 
has more element in more important or small parts. In this case 
more important part is the outer surface of area reducer and volume 
designated to throttle. Model has additional cylinder volume in front 
of bellmouth. 
Simulation was computed with k-epsilon RNG viscous model with 
enabled energy equations. 

Boundary Conditions are shown in table 6.2  Inlet and 
outlet are determined as pressure inlet and pressure outlet. In this 
project have been calculated 5 different pressure ratios by changing 
pressure at outlet.  

Calculation has been stopped at 10^5 because continuity 
curve does not show tendency to further decreasing 

Figure 6.2 shows general view of velocity vectors for 
geometry with pressure ratio 1,2. 
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Fig. 6.2 Velocity vectors for pressure ratio 1,2 – XY plane 

 

 
Fig. 6.3 Velocity vectors for pressure ratio 1,2 in the area of volume designated to throttle– XY plane 

 

As it can be seen on fig. 6.2 and 6.3 throttle volume 
provide a little restriction. It makes vortex which make flow 

velocity slower. On fig. 6.4 it is clearly visible how air mass is 
intake in the pipe and how this shape helps air to flow in. 

 
Fig. 6.4 Velocity vectors in inlet are 

 
 
 

43



Table. 6.2 and figure 6.5 presents results from discharge coefficient calculations. 
 
Table. 6.2 Calculations results. 
p1/p2 m γ R T p1 p2 Ate At Cd 
K epsilon                   

1,05 0,094506 1,401 287,05 298 101325 96500,00 0,000907 0,000908 1,00 
1,10 0,130698 1,401 287,05 298 101325 92114,00 0,000931 0,000908 1,03 
1,2 0,177102 1,401 287,05 298 101325 84437,50 0,000977 0,000908 1,08 
1,3 0,208474 1,401 287,05 298 101325 77942,31 0,001021 0,000908 1,12 
1,4 0,232021 1,401 287,05 298 101325 72375,00 0,001063 0,000908 1,17 

K omega                   
1,4 0,271972 1,401 287,05 298 101325 72375,00 0,001246 0,000908 1,37 

 
Because obtained discharge coefficient is too high it was checked also different viscosity model – k-omega. K-omega result is even worse. 
 

 
Fig. 6.5 Computed discharge coefficient characteristic of bellmouth 

 

 
Fig. 6.6 Computed flow characteristic of bellmouth 

 Chart tendency is similar to chart in fig. 2.4. Mass flow is 10% higher than mass flow obtained in real measurements (fig. 5.2).  
8. SUMMARY 

Summing up results obtained in real test and computer 
model are similar and highly close to the results presents in [2]. 
Both characteristics of CD, in [2] and computed are increasing. 
Characteristics of measured mass flow and obtained by computer 
simulation are also the same. Mass flow values cannot be compared 
with [2] because of different diameters.  Computed mass flow 
values are about 10% higher than measured. As proper values are 
assumed values which was measured because decrease them by 
10% decrease also CD to proper values with physical sense.  
Further investigation should be done with cooperation of one 
dimensional model of engine work. 
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Abstract: The simulation and computational development of modelling for the research is use the commercial Computational Fluid 
Dynamics (CFD) of AVL Boost software. In this research, the one dimensional (1D) CFD modelling of four-stroke direct injection diesel 
engine is developed. The analysis of the model is fluid flow and combustion performance process in the engine cylinder. In this model it can 
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1. Introduction 
In the last decades, the legislation on internal combustion 

engines (ICEs) has severely reduced the limits for pollutant and 
noise emissions. These requirements have established the research 
activity at design phase as a key stage in the engine production 
process. Therefore, an intensive investigation on ICEs has been 
carried out, focusing on the optimization of performances and fuel 
consumption. In particular, an important effort has been done 
seeking the improvement of the combustion and gas exchange 
processes, using tools such as Computational Fluid Dynamics 
(CFD). 

Diesel engines are typically characterized by low fuel 
consumption and very low CO emissions. However, the NOx 
emissions from diesel engines still remain high. Hence, in order to 
meet the environmental regulations, it is highly desirable to reduce 
the amount of NOx in the exhaust gas. 

Simulating an intake or exhaust system is just a great exponent 
of this sort of problems. These systems are mainly composed of 
ducts, which can be accurately simulated by means of one-
dimensional, non-viscous codes. However, there are several 
components that manifest a complex three-dimensional flow 
behavior, such as turbo machinery or manifolds, therefore being 
unable to be simulated properly by 1D codes, and thus requiring 
viscous, 3D codes. 

Hence, it is a right choice to save computational time by 
simulating the complex components by means of a 3D code and 
modeling with a 1D code the rest of the system, i.e. the ducts. In 
this way, a coupling methodology between the 1D and the 3D code 
in the respective interfaces is required, being the objective of 
numerous authors [1–4]. 

AVL Boost is based on 1D gas dynamics which account for 
fluid flows and heat transfer. Each component in a AVL Boost 
model is discretized or separated in many smaller components. 
These components have very small volumes and the fluid’s scalar 
properties in these volumes are assumed to be constant. The scalar 
properties of a fluid include pressure, temperature, density and 
internal energy. Each volume also have vector properties that can be 
transferred across it’s boundaries. This properties include mass flux 
and fluid velocity.  

Heywood [5] written that the engine ratings usually indicate the 
highest power at which manufacturer expect their products to give 
satisfactory of power, economy, reliability and durability under 
service conditions. The speed and maximum torque at which it is 
achieved, is usually given also.  

2. Data Needed for Building an Engine Model 
AVL Boost is a software tool that consists in a pre-processing 

program, used for initial data entry and technical characteristics of 
the engine to be designed as model. After forming the engine 
assembly with annexes systems, mathematical equations and 
algorithms of the model with the graphical user interface (GUI) will 
analyze and calculate the processes that are required during 
simulation [6, 7]. The model for the engine designed in AVL 
BOOST application is shown in figure 1. 

 

 
Fig. 1 Model of Single Cylinder Diesel Engine: SB-system boundaries, MP-
measuring points, C-cylinder. 

 

A list of information that is needed to create a model in AVL 
BOOST is included in library. The main features of the diesel 
engine that have been used as initial data to define the cylinder 
parameters are presented in table 1. Cylinder (C1) of the model in 
AVL Boost is connected with element Engine (E1), and it defines 
the type of engine used, operating speeds on it, moments of inertia 
and break mean effective pressure (BMEP). Combustion method is 
Mixing Controlled Combustion model that predicts the rate of heat 
released (ROHR) and NOx emissions on the quantity of fuel in the 
cylinder and the turbulent kinetic energy introduced by the injection 
of fuel [8]. 
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Table 1: Specification of the engine. 
Engine Parameters Value Unit 

Bore  76 [mm] 
Stroke  65 [mm] 

Displacement 295 [cc] 
Power 4 [kw] 
Speed 3000 [rpm] 

Compression ratio 17:1 - 
Valve lift 8,5 [mm] 

Piston pin offset 10 [mm] 
 

The Diesel engines by small power have a wide range of 
application for the mechanization of the most activities in industry 
and agriculture. This type of engines, with power up to 10kW, is 
using, in most of the cases, the air-cooling. 

3. Result and Discussion 
After definition of the engine parameters has been run a series 

of simulations, and then plot the results in Impress Chart were was 
analyzed.  

 

Fig. 2 Evaluation of the cylinder pressure and temperature 

The running simulation result is all of the engine performance 
data with the different engine speed (rpm). This model was running 
at any speed from 2000 to 3000 rpm.  

 

Fig. 3 Mean effective pressure of engine model 

In figure 1 show the evolution of the cylinder pressure and 
temperature for the 3000 rpm engine speed. Maximum cycle 
pressure is 5.9 MPa and temperature of 2065.97 K. The maximum 
duration of the ignition delay is 5.5°, at this stage are visible the 
processes resulting with heat absorption (latent heat vaporization of 
diesel fuel, the first reaction of oxidation) and causes a reduction in 

air pressure and temperature increase. The Diesel engines by small 
power have a wide range of application for the mechanization of the 
most activities in industry and agriculture. This type of engines, 
with power up to 10kW, is using, in most of the cases, the air-
cooling. 

Mean effective pressure variation is illustrated in figure 3. The 
range of it is between 0.54 to 0.58 MPa, the values are close to the 
real case of engines in this class. 

 

Fig. 4 Residual gas coefficient 

Figure 4 presents the influence of speed on residual gas 
coefficient. Specific range of diesel engines is between 0.03 and 
0.06. The values obtained indicate a proper discharge of the 
cylinder. 

 

Fig. 5 Brake specific consumption of engine model 

 

The brake specific fuel consumption is shown in Figure 5. The 
model simulation result shown that the minimum brake specific fuel 
consumption is 263 g/kWh at 2300 rpm. 

The brake power of the engine model is shown in Figure 6. 
Brake power is usually measured by attaching a power absorption 
device to the drive-shaft of the engine (any type of brake). If the 
engine speed is increased the brake power is increased too until 
engine speed 2900 rpm. The maximum brake power of the engine 
model is 3.95 kW at engine speed 2900 rpm and after that the brake 
power decreases. 
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Fig. 6 Brake power of engine model 

 

3. Conclusion 
This paper present the results of the engine cycle simulation of a 

single cylinder direct injection diesel engine using AVL Boost 
software. The engine cycle simulation processes shows the 
evolution of the main specific parameters. Analyzing the obtained 
results, it finds that they correspond to the real range of variation for 
this type of engines. The residual gas coefficient can be improved 
by optimizing the intake and exhaust systems of the engine. The 
results obtained by simulation shows that engine cycle simulation 
offer an accurate picture of the progress of real processes from a 
diesel engine.  
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1. Introduction 
Diesel engines are characterized by low fuel consumption and 

very low CO emissions. However, the NOx emissions from diesel 
engines still remain high. Hence, in order to meet the environmental 
regulations, it is highly desirable to reduce the amount of NOx in 
the exhaust gas. The Diesel engines by small power have a wide 
range of application for the mechanization of the most activities in 
industry and agriculture. Owing to their low fuel consumption, they 
have become increasingly attractive for smaller lorries and 
passenger cars also. But higher NOx emissions from diesel engine 
remain a major problem in the pollution aspect. In order to reduce 
emission levels, some external engine features can be applied, such 
as EGR or after-treatment systems. EGR systems have been used to 
reduce emissions of nitrogen oxides (NOx) from diesel engines. 

Cylinder charge dilution with exhaust gas can be classified into 
internal EGR and external EGR. With external EGR, exhaust gas is 
taken from the exhaust port and supplied into the inlet port. Internal 
EGR is achieved by increasing NVO (negative valve overlap) 
during exhaust stroke, which requires an improved cam that can 
rapidly switch cam profiles to achieve any variable valve timing, 
otherwise it’s impossible to independently and effectively control 
EGR ratio. This greatly limits the application of internal EGR. As a 
result, external EGR has become widely used on today’s automobile 
engines. External EGR has a relatively low cost. It only needs to use 
dedicated EGR control valve, which can control EGR rate 
effectively under all work conditions of engine [1–4]. 

When EGR is applied, engine intake consists of fresh air and 
recycled exhaust gas. EGR (%) usually represents the percentage of 
the recirculated exhaust gas. The percentage of exhaust gas 
recirculation is defined as the percentage of recirculated exhaust in 
total intake mixture [5]. Where mi is the mass of total intake 
mixture and mEGR is the mass of the EGR. 

100.(%)
i

EGR

m
mE =     (1) 

The principal source of NO formation is the oxidation of the 
nitrogen present in atmospheric air. The nitric oxide formation 
chain reactions are initiated by atomic oxygen, which forms from 
the dissociation of oxygen molecules at the high temperatures 
reached during the combustion process. 

Shahadat.et.al [6] studied the combined effect of EGR and inlet 
air preheating on engine performance in diesel engine. They found 
that at medium load conditions, oxides of nitrogen (NOx), carbon 
monoxide (CO), engine noise, and brake specific fuel consumption 
decreased when inlet air preheating and EGR were applied together 
as compared to those during normal operations of the engine. 

Arjun Krishnan et.al [7] studied the Prediction of NOx 
reduction with EGR using the flame temperature correlation 
technique. They developed a procedure to calculate the reduction in 
NOx levels due to EGR, given only engine base-data. This approach 
utilised the flame temperature correlation technique to obtain NOx 
predictions with sufficient accuracy – 6.5% at part loads. 

Avinash kumar.et.al [8] studied the effect of EGR on exhaust 
gas temperature and exhaust opacity in compression ignition 
engines. They found that that the exhaust gas temperatures reduce 
drastically by employing EGR. Thermal efficiency and brake 
specific fuel consumption are not affected significantly by EGR. 
However particulate matter emission in the exhaust increases, as 
evident from smoke opacity observations. 

AVL Boost is based on 1D gas dynamics which account for 
fluid flows and heat transfer. Each component in an AVL Boost 
model is discretized or separated in many smaller components. 
These components have very small volumes and the fluid’s scalar 
properties in these volumes are assumed to be constant. The scalar 
properties of a fluid include pressure, temperature, density and 
internal energy. Each volume also have vector properties that can be 
transferred across it’s boundaries. This properties include mass flux 
and fluid velocity.  

2. Data Needed for Building an Engine Model 
 

 
Fig. 1 Model of Single Cylinder Diesel Engine: SB-system boundaries, MP-
measuring points, C-cylinder. 
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AVL Boost is a software tool that consists in a pre-processing 
program, used for initial data entry and technical characteristics of 
the engine to be designed as model. After forming the engine 
assembly with annexes systems, mathematical equations and 
algorithms of the model with the graphical user interface (GUI) will 
analyze and calculate the processes that are required during 
simulation [9, 10]. The model for the engine designed in AVL 
BOOST application is shown in figure 1. 

A list of information that is needed to create a model in AVL 
BOOST is included in library. The main features of the diesel 
engine that have been used as initial data to define the cylinder 
parameters are presented in table 1. Cylinder (C1) of the model in 
AVL Boost is connected with element Engine (E1), and it defines 
the type of engine used, operating speeds on it, moments of inertia 
and break mean effective pressure (BMEP). Combustion method is 
Mixing Controlled Combustion model that predicts the rate of heat 
released (ROHR) and NOx emissions on the quantity of fuel in the 
cylinder and the turbulent kinetic energy introduced by the injection 
of fuel [8]. 

 

Table 1: Specification of the engine. 
Engine Parameters Value Unit 

Bore  76 [mm] 
Stroke  65 [mm] 

Displacement 295 [cc] 
Power 4 [kw] 
Speed 3000 [rpm] 

Compression ratio 17:1 - 
Valve lift 8,5 [mm] 

Piston pin offset 10 [mm] 
 

The pre-processing step of AVL Boost enable the user to model 
a 1-Dimensional engine test bench setup using the predefined 
elements provided in the software toolbox. The various elements are 
joined by the desired connectors to establish the complete engine 
model using pipelines 

3. Result and Discussion 
After definition of the engine parameters has been run a series 

of simulations, and then plot the results in Impress Chart were was 
analyzed.  

The running simulation result is all of the engine performance 
data with the constant engine speed (rpm) by varying the 
compression ratios. This model was running at speed 2000 rpm.  

 

Fig. 2 Influence of Compression ratio on Specific fuel consumption at 
different loads 

In Fig. 2 the specific fuel consumption at various loads and 
compression ratios are presented. With increase in compression 
ratio the specific fuel consumption decreases irrespective of the 
load except at compression ratio 16 due to less ignition delay and 
more combustion duration. 

Figure 3 shows the effect NOx at different loads and 
compression ratios. With increase in load the NOx value also 
increased due to more heat release and caused for dissociation of 
gases.  

 

Fig. 3 Influence of Compression ratio on NOx emission at different 
loads 

 

 

Fig. 4 Influence of EGR on NOx emission at different compression 
ration 

Figure 4 shows the effect of exhaust gas recirculation (EGR) on 
NOx emissions. The model simulation result shows that with 
increase in percentage of EGR the NOx emissions are decreased. 
These are mainly due to the lower combustion chamber 
temperatures caused by EGR and because the exhaust gas replaces 
some of the excess oxygen in the pre-combustion mixture. 

 

3. Conclusion 
This paper present the results of the engine cycle simulation of a 

single cylinder, direct injection diesel engine with different 
compression ratios, percentages of EGR and loads to estimate 
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performance, combustion and emission characteristics of the 
engine. using AVL Boost software. It was found that with increase 
in compression ratio the specific fuel consumption decreases. The 
results obtained indicated that with increase in % EGR the NOx 
emissions was gradually decreases at different compression ratios 
due to less flame temperatures and low oxygen content in the 
combustion chamber. The high degree of recirculation is suitable 
for higher compression ratio because at compression ratio 19 and 
10% EGR the percentage reduction of NOx was 36%. 
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Abstract: Various experiments are performed for detecting engine characteristics.  In these experiments some values are kept constant; for 
example, engine power, torque and fuel consumption is measured as the values, depending on these motor characteristics are obtained by 
making a calculation. In this study, the simulator program is designed for analysis and synthesis of engine’s characteristics. The program , 
according to data obtained and entered the engine curve to be drawn (numerical or graphical), to examine the changes interactively based 
on input parameters, calculations are done for the value cannot be measured, and many other features. Thus, in order to obtain 
characteristics of the engine or in the expression-related issues provides great convenience for understanding and education. 
Keywords: Engine characteristics, simulator. 
 
 
 

I. Introduce 
 
Engines, is the most important factor determining the performance 
of the vehicle. If you do a good design, vehicle performance will 
increase in the same proportion. Engine parts are tested both  in the 
design phase and  terms of service. Sometimes it can be tested only 
a part [3]. Besides these motors are also tested to determine the 
characteristics. The tests in this group sees the engine as a whole. 
The tests in this group sees the engine as a whole. Next to the 
determination of the characteristic in the engine, the energy 
distribution is also occurs [4]. 
 
The main objective in the design  is increased of engine power  and 
improved to the economy. also to develop  the  characteristics by 
use of modern technologies  and to reveal environmentally friendly 
products [5]. 
 
Analysis of motor parameters is one of the major areas   in terms of 
vehicle performance. All design elements reliability and service life,  
specific fuel consumption, thermal efficiency, engine power and  
emissions emitted into the environment is very important. 
Determination of these properties is important in the design of the 
motor characteristic [6]. 
 
First data is obtained in all engine test. After performing with these 
data account can be achieved   the other properties . To make 
calculation the  data of complex engine  is very difficult  with 
classical methods. Many variable conditions and parameters should 
determined for the effects result. It requires a very detailed 
calculations.  Because some of these characteristics (performance 
and economic relations ones) are inversely proportional.  In Figure 
1,  it  can be seen an engine  connected to  braking power and test 
systems.  Table 2 shows the calculated equations [7]. 
 
Some of the values measured in an engine test installations are:  
Engine Speed, torque, fuel consumption, air consumption, 

temperature (exhaust gas temperature, engine coolant temperature, 
oil temperature) and cooling water flow.  
Here are some of the values that can be calculated;  average 
effective pressure, engine power, specific fuel consumption, 
effective efficiency, excess air coefficient, mechanical efficiency, 
thermal efficiency, such as volumetric efficiency. 
 
Table.1 Specification of the test engine [1] 
 

Engine Type FORD 6.0 LT T/C  
Intercooling  DI 

Stroke 4 

Cylinder 6 

Cylinder diameter (mm) 104.77 

Piston stroke (mm) 114.9 

compression ratio 16.5/1 

Max. engine power 
(kW) 

136 (2400 rpm ) 

Max  speed (rpm) 2750-2780 

Idle speed (rpm) 665-685 

Engine volume ( lt ) 5.947 

Injection timing (oCA ) 20 

Ignition order 1-5-3-6-2-4 

Engine weight (kg) 500 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 DESIGN OF SIMULATOR FOR THE ENGINE CHARACTERISTICS 
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Table 2.   Used equations in designed programs . 
 

 
 

 
Fig. 2. Testing scheme [2] 

 
II. Simulation 

 
The simulation program is designed in Delphi. Example simulation 
screens is performed with this program, are given in Figure 2.  In 
Figure 2a average effective pressure can be calculated.  

Measured and calculated some input parameters (the number of 
engine strokes, engine power, engine speed and volume of stroke) 
after entering the average effective pressure, "pressure" can be seen 
in the display tab. 
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Figure 2a. pressure tab 
 
Figure 2b specific fuel consumption (g / kWh) and the amount of fuel injected per cycle (g) can be calculated. 
 
 

 
Figure 2b. Fuel tab 

 
Indicated power of the engine, in Figure 2c, can be measured with the parameters entered. 
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Figure 2c. Engine Power tab 
 
In Figure 2d mechanical efficiency, thermal efficiency and effective volumetric efficiency results can be calculated. 
 

 
 

Figure 2d. Engine Efficiency tab 
 

III. Conclusion 
 

In this study, the simulation program is designed.  Analysis and 
calculation of motor characteristics in this design can be made. 
With designed this Program,  all calculations can be carried out with 
ease and high accuracy. By this program by associating appropriate 
sensors can be used in engine test stand. In addition, students in 
educational institutions comprehend the technical information in 
this topic  and to perform analysis for efficiently used. 
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Abstract: The report presents the results of experimental research of developed and installed in the test car system for managing 
generator of Brownian gas. In details are tested individual elements of the management system and energy efficiency in its application. 
Displaying the results from the measurements with a test car under real operating conditions. 

Keywords: GENERATOR OF BROWNIAN GAS (HHO GENERATOR), HHO GENERATOR FOR CARS, CAR’s ENERGY 
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1. Увод 
През последното десетилетие усилията на автомобилните 

конструктори са насочени основно към създаването на все по-
икономични двигатели с вътрешно горене /ДВГ/, включително 
с използване на алтернативни горива, както и разработването 
на иновативни хибридни технологии и електрически 
автомобили.  

През последните няколко години Брауновият газ (HHO газ) 
се използва експериментално като алтернативен чист източник 
на енергия в добавка към основното гориво за ДВГ – бензин 
или дизелово гориво. Проведени до сега изследвания показват, 
че за получаване на съществен енергиен ефект е необходимо 
допълнително динамично регулиране на горивната система, в 
зависимост от режима на работа на двигателя [3, 4].      

 
2. Предпоставки за разработване на система 

за управление на генератора на Браунов газ  
Всички автомобили произведени след 2000 година са 

оборудвани с многофункционални бордови компютри, 
изградени с използване на така наречения OBD II стандарт (On 
Board Diagnostic's) за комуникация. Чрез тях се осъществява 

контрол и връзка между отделните устройства, датчици и 
изпълнителни механизми в автомобила. Основен елемент в 
автомобилните (бордовите) компютри е електронния блок за 
контрол и управление на процесите на горене при 
функциониране на двигателя (ECU). Чрез него определя 
количеството на горивото, точното време на запалването и 
други параметри, чрез непрекъснато наблюдение на работата 
на двигателя посредством сензори. За ефективното управление 
на ДВГ се използват така наречените горивни карти, които 
представляват таблици, с предварително зададени различни 
стойности на подаваното гориво в зависимост от информацията 
подавана от датчиците, свързани към двигателя на автомобила.   

При свързване на генератор на Браунов газ (HHO 
генератор) към двигател с вътрешно горене, в частност към 
такъв работещ с основно гориво бензин, се променя коренно 
горивния процес и фабрично вградените горивни таблици вече 
не отразяват реално моментното състояние на двигателя. За да 
се постигне оптимален ефект при изгарянето на сместа от 
основно гориво и браунов газ е необходима система за 
съвместен контрол и управление както на производителността 
на HHO генератора, така и на гориво-въздушната смес [4]. 

 

 
 

Фиг. 1. Блокова схема за управление на генератора на Браунов газ. 

55



 
Фиг. 2. Схема за импулсно управление на генератора на Браунов газ. 

 

3. Анализ и избор на система за управление  
С навлизането на микропроцесорното управление на 

гориво-въздушната смес на автомобилите, изгарянето на 
бензин и Браунов газ не дават добри практически резултати без 
допълнително регулиране на процеса (ефект до 10% - виж 
таблица 2). Причината се състои в добавянето на допълнително 
една молекула кислород във въздушната смес на двигателя. 
Датчика за въздушно горивната смес (MAP-сензора) отчита 
обеднена смес и микропроцесора на автомобила избира по 
висока стойност на основното гориво. Това повишава 
мощността на двигателя, а съответно и разхода на гориво. 
Затова за подобряване на горивния процес е приложен нов 
начин за управление на гориво-въздушната смес. На фиг. 1 е 
показана блоковата схема за управление на HHO генератора и 
гориво-въздушната смес на автомобил. Свързаният в нея 
микропроцесор (контролер от тип PIC) служи за снемане и 
записване на информацията от автомобилния MAP-сензор и 
подаване на управляващ сигнал към импулсния преобразувател 
на HHO генератор. Това дава възможност да се анализира 
съдържанието на Браунов газ в смукателния колектор и да се 
предложи на микропроцесора на автомобила нова гориво-
въздушна смес, а именно при нарастване количеството на HHO 
газ да се намалява подаването на основно гориво.  

Посредством избраната схема за импулсно управление на 
HHO генератора, показана на фиг. 2, е изследвана и определена 
резонансната честота на водата и съответната амплитуда на 
захранващото напрежение. За целта се променя амплитудата и 
честотата на захранващото напрежение. 

Честотният блок за управление дава възможност за 
реализиране на избран закон за управление, при който се 
постига най-оптимален енергетичен ефект. По този начин се 
постига възможно най-адекватно количеството Браунов газ, 
което трябва да се подаде в двигателя за да се получи 
максимална ефективност. На фиг. 3 е показана характеристика 
на изменение на електрическия ток във функция от честотата 
импулсите, подавани от импулсния преобразувател. 

Проектиран и изработен е генератор на Браунов газ със 
серийни плочи, за номинално напрежение 14 VDC и мощност 
около 200 W, позволяващ постигането на по-малко от 2 волта 
на клетка. На фиг. 4 е показана характеристиката на изменение 
на дебита Vt, l/min (LPM) на генератора на Браунов газ според 
потребявания  електрически ток от алтернатора на автомобила. 
Както се вижда от фигурата при работа на HHO генератора с 
мощност около 150 W, дебита на добивания газ е до около 
0,70 l/min. 

  Системата за управление /СУ/ на HHO е базирана на 
програмируем микропроцесор от ново поколение PIC 
контролери. Специализираният софтуер е разработен въз 
основа на данни, получени от направените експериментални 
изследвания на физическия модел на генератора на Браунов газ 

[2]. Той е синхронизиран с автоматичната система за 
управление на всички дизелови двигатели и бензинови 
двигатели, произведени след 1996 г. На фиг. 5 е показана 
принципна схема на микроконтролера за управление на 
количеството HHO газ подавано към ДВГ. 

Благодарение на специализирания софтуер се постига 
увеличаване на икономията на гориво, която теоретично може 
да достигне до 20-30%. При използване на водорода като 
катализатор, непрекъснато се коригира подаването на основно 
гориво и предварението на запалването. По този начин се 
постига оптимизиране на ефективността на горивния процес. 
Когато HHO газът престане да се подава, микроконтролера 
автоматично се превключва към високоефективен режим на 
работа на ДВГ, без използването на генератора на брауновата 
газ.  
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Фиг. 3. Характеристика на изменение на електрическия ток през HHO 

генератора при изменение честотата на импулсите. 
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Фиг. 4. Характеристика на изменение на дебита Браунов газ според 

потребявания ток от HHO генератора. 
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Фиг. 5. Принципна схема на микроконтролера за управление на 
импулсния преобразувател за захранване на HHO генератора. 

4. Резултати от проведените изследвания 
Горивната система на Браунов газ е монтирана на тестов 

автомобил марка Пежо 206. Техническите характеристики на 
тестовия автомобил са показани в таблица 1. 

За определяне на енергийния ефект с така разработената 
системата за управление на генератора на Браунов газ бяха 
проведени серия пътувания с тестовия автомобил в 
извънградски условия. При проведените изпитвания на е 
определен разхода на гориво на автомобил Пежо 206. Като 
тестов маршрут е използван София-Пазарджик-София (по АМ 
„Тракия от километър 0 до километър 90 и обратно), при 
спазване на всички пътни знаци и зареждане на резервоара в 
началото и края на маршрута. Резултатите са показани в 
таблица 2. 

 
Таблица 1: Технически параметри на тестовия автомобил 

ТЕХНИЧЕСКИ ПАРАМЕТРИ НА ПЕЖО 206 
Вид двигател Бензин 
Брой цилиндри 4 
Работен обем на двигателя 1124 cm3 
Задвижвания на колелата предно 
Мощност, kW 45 kW 
Въртящ момент, Nm 91 Nm при 2600 min-1 
Ускорение (0-100 km/h) 17.8 s 
Максимална скорост 160 km/h 
Разход на гориво, l/100 km  

- Градски цикъл 9,7 l/100 km 
- Извънградски цикъл 7,5 l/100 km 
- Смесен цикъл 8,7 l/100 km 

Емисия на CO2 148 g/km 
Обща маса, kg 1485 kg 
Обем на горивния резервоар, l 50 l 
Изминат пробег, km 160 000 km 

 

 

Таблица 2: Данни за разхода на основно гориво при работа на автомобила на бензин и смесено гориво, без и със система за управление 
Режим на работа на ДВГ 

Тестови параметри 
Работа на ДВГ на бензин Работа на ДВГ на 

смесено гориво без СУ 
Работа на ДВГ на 

смесено гориво със СУ 
Пътен маршрут за провеждане на 
тестовете 

София-Пазарджик-София 
/по АМ „Тракия”/ 

София-Пазарджик-София 
/по АМ „Тракия”/ 

София-Пазарджик-София 
/по АМ „Тракия”/ 

Експлоатационен цикъл Извънградски  Извънградски Извънградски 
Общ пътен пробег, km 180 180 180 
Средна скорост на движение, km/h 105 103 104 
Общ разход на бензин, l 13,41 12,24 11,16 
Относителен разход на бензин, l/100 
km 7,45 6,8 6,2 
Относителна икономия на бензин, %  - 9% 17% 

 
4. Заключение 
Резултатите от проведените изследвания с тестовия 

автомобил Пежо 206 показват, че с използване на честотен 
импулсен регулатор за управление на генератора на Браунов 
газ се постигат следните енергийни и екологични ефекти: 

1. Допълнително намаляване на разхода на основно гориво 
(бензин) с около 8-10%. 

2. Намаляване на енергията за електролиза, използвана от 
HHO генератора. 

3. Намаляване на токовото натоварване на автомобилния 
алтернатор, респективно по-малки загуби на мощност за 
задвижването му от автомобилния двигател.  

4. Намаляване на отделяните вредни емисии [1, 2]. 
 
Системата за управление на генератора на Браунов газ 

работи без да се налагат промени и настройки по инжекциона и 
компютъра на автомобила. След повече от 10 хил. километра 
пробег с използване на НHО генератора не е установено 
ускорено износване на металните части на двигателя. 
Значително повишеното отделяне на водна пара при изгарянето 
на HHO газа, може да доведе до повишена корозия на 
изпускателните тръби и шумозаглушителя на автомобила.  
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Abstract: the contribution deals with problems of measurement indicated pressure of internal combustion engine. Indicated pressure 
measurement allows better monitoring of change state quantities during implementation working cycle of internal combustion engine. 
Measurement is realized with the mobile unit on the vehicle under the specified mode, the real conditions of transport, as well as on brake 
bench in the laboratory. By analysing the results of experiments can be more precisely to quantify efficiency of power transmission and 
energy flows in the drive mechanism of the vehicle. 
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1. Introduction 
To complexly assess work, economy and adverse ecological 

impact of conventional piston combustion engines, various 
parameters and their dependence – characteristics are used. Based 
on their values the combustion engines are qualitatively ranked. 
Main parameters are: mean effective pressure, mean indicated 
pressure of a cycle, indicated and effective engine power as well as 
engine losses power, specific consumptions of operating materials, 
specific engine efficiency and produced emissions (of gases, noise 
and vibrations). [5] For a closer classification and evaluation of 
combustion engines characteristics in practice, comparative 
characteristics are used. They describe also other properties and 
values needed for mutual comparability of engines regardless their 
size, power, construction, operating principle, etc. 

Theoretical – ideal cycles, are reversible processes according to 
which the ideal engine works. To be closer to reality, open 
theoretical cycles are solved, i.e., the replacement of a cylinder 
charge is considered. Real work cycle describes real processes 
taking place in the engine cylinder.  

2. Detection of indicated power Pi 
We usually work with an indicator diagram, i.e. the dependence 

of pressure change on an instantaneous value of a cylinder volume – 
Fig. 1. If this change is evaluated in dependence on the angle of 
rotation of a crankshaft or on time, we speak of a developed 
indicator diagram – Fig. 4b.  

The processes connected with energy transformation are 
frequently assessed according to their power outputs. 

 
Fig. 1 Indicator diagram. 

 

Indicated engine output Pi is obtained from work cycles in the 
combustion engine regardless of losses. The indicated power output 
is experimentally collected from measurements of an indicator 
diagram or by the cylinders shut down. 

An area closed by the indicator diagram Ai (given by difference 
AI

+ – AI
-) – Fig. 1 is proportional to the work of one work cycle 

(J.cyk-1). Positive area of indicator diagram AI
+ present the work 

received during the expansion stroke. Negative area AI
- presents the 

work consumed to replace the capacity of the cylinders. [4] 

 The indicator diagram area is replaced by a rectangle area with 
an identical basic side (corresponding to Vz (m3)). The mean 
indicated pressure thus represents an imaginary constant mean value 
of pressure acting on the piston; when within one stroke, the work 
equal to the quantity of indicated work performed in the duration of 
one stroke, would be done. The mean indicated pressure (Pa) is 
defined by the relation: 

pis=Ai / Vz                                          (1) 

Fig. 1 presents the indicated work Ai1 of one cylinder of the 
internal combustion engine area that can be determined by 
multiplying the values of mean indicated pressure pis and stroke 
volume Vz: 

Ais=pis . Vz                                          (2) 

Indicated power of one cylinder: 

Pi1=Ai1 / t1                                           (3) 

The duration of one cycle internal combustion engine: 

t1=1 / (2 . n ) . z                                        (4) 

Pi (W) is given by the indicated work of a cycle, number of 
cylinders i and by the cycle duration t (s), depending on a number of 
engine revolutions n (s-1) and strokes z per cycle (two-stroke z = 2, 
four-stroke z = 4). The resultant relation for a four-stroke engine is 
of Pi: 

Pi=(pis . Vz1 . 2 . n . i) / z                                   (5) 

 

3. Measurement of indicated power Pi in brake test 
bench 

Measurements indicated pressure of combustion engine of road 
vehicle was released in selected driving modes on brake test bench, 
with using the measuring equipment Kibox to go – Fig. 3. The main 
goal of a series of experimental measurements was to determine the 
energy terms during the operation of a road vehicle. 

 

 

58



 

 

 
Fig. 2 a) Measuring equipment Kibox To Go: 1 – PC, 2 – Kibox To Go, 3 – 
converter, 4 – serial diagnostic, b) Vehicle on the brake test bench. 

 

For the measurement was used Kia Sportage vehicle with a 
displacement of 2.0 l, power of 104 kW at 6000 rpm and torque 184 
Nm at 4500 rpm. Brake test bench simulated load 1500N - 2000N. 
The measurement was realised on road vehicle with third speed 
gear. During the measurement rpm were change in range of 1000 – 
5000 min-1.  

Indicated power of the individual measurements was 
determined from the indicator diagrams. For the measurement of 
indicated pressure was used special spark plug with pressure sensor 
– Fig. 3. 

 

 
Fig. 3 a) spark plug, b) position of spark plug (1). 

Measuring equipment make digital data recording of rpm of 
combustion engine, pressure of positive and negative area of 
indicator diagram, cycle count and the displacement in the 
dependence of crank angle. 

In rpm range of 1000 – 5000 min-1 was made record of one 
hundred cycles of combustion engine. Fig. 4 shows the real 
indicator diagram and developed indicator diagram from real 
measurement. 

 

 
Fig. 1 Real diagrams – a) indicator diagram, b) developed indicator 
diagram. 

 

The results of the measurements are graphics dependencies 
monitored parameters during the selected driving regimes of a road 
vehicle. In the tables 1, 2 are shown the values of the monitored 
operation parameters of a road vehicle. 

 

Table 1: Measured values, third speed gear, load 1500 N 

 

 

 

n (min-1) p1
+ (Pa) p2

- (Pa) pis (Pa) Pi1 (W) Pim (W) Ai1 (J) 
1000 719001 -20019 685990 2760 11040 34431 
2000 753160 -34796 718360 5704,9 22820 35842 
3000 778690 -49254 729430 9301,8 33720 36394 
4000 823720 -63913 759800 12560 50239 37910 

5000 842740 -84043 758700 15552 62208 37854 
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Table 2: Measured values, third speed gear, load 2000 N 

n (min-1) p1
+ (Pa) p2

- (Pa) pis (Pa) Pi1 (W) Pim (W) Ai1 (J) 

1000 925001 -11519 913452 4885 19540 45851 

2000 958750 -26254 932500 8558,1 34232 46526 

3000 981610 -41542 940070 12108 48433 46904 

4000 999940 -54380 945560 14500 57998 47102 

5000 1036900 -88720 948220 19682 78728 47310 

n – rpm, p1
+ - pressure of positive area of indicator, p2

- – 
pressure of negative area of indicator, pis – indicated pressure, Pi1 – 
indicated power of one cylinder of the combustion engine, Pim – 
indicated power of the combustion engine, Ai1 – indicated power 

The indicated power of one cylinder and combustion engine 
was calculated from measured values in tables 1, 2 by using 
calculation formula 4. Figure 5 shows a comparison the changes in 
magnitude of pressure in positive p1

+ and negative p2
- area of the 

indicator diagram and indicated pressure depending on the rpm with 
various loads. 

 

 
Fig. 5 The course of the pressures, third speed gear, load 1500 and 2000 
[N], p1

+ - positive pressure of the indicator diagram, p2
- - negative pressure 

of the indicator diagram, pis – indicated mean effective pressure 
 

The change of load involves a change of a size of the individual 
pressures. The increasing of the load caused the growth of the 
individual pressures. The pressure in the cylinder and indicated 
mean effective pressure increasing too. Pressure dissipation 
increases with the increasing rpm of the combustion engine and 
with the increasing load due to increase in losses. Fig. 6 shows 
comparisons of changes of the indicated power Pi1 of one cylinder 
and the entire Pim combustion engine with various loads. 

By the measurement of mean indicated pressure is possible to 
identify power of accessory equipment of the combustion engine. It 
is no-load measurement. Indicated power equal the sum of effective 
power and losses power according to formula (5): 

Pi=Pe+Pl                                                                      (5) 

In this measurement Pe = 0 and Pi = Pl. Indicated power in this 
case equal to losses power of accessory equipment of the 
combustion engine. Table 3 show the measured values of indicated 
parameters. The courses of indicated parameters are shown in Fig. 
7.  
 

 

 
Fig. 6 The course of the indicated power, third speed gear, load 1500 and 
2000 [N], Pi1 – indicated power of one cylinder of the combustion engine, 
Pim – indicated power of the combustion engine. 

 

Table 3: Indicated parameters in no-load measurement 

n (min-1) p1
+ (Pa) p2

- (Pa) pis (Pa) Pi1 (W) Pim (W) Ai1 (J) 

1000 148160 -74091 74071 324,7348 1298,9 3695,7 

2000 158970 -76770 82204 684,5862 2738,3 4101,5 

3000 169430 -76571 92856 1171,4 4685,8 4632,9 

4000 189160 -82304 106800 1762,3 7049,3 5381,3 

5000 215950 -86069 129880 2682,8 10731 6480,1 
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Fig. 7 Courses of indicated parameters in no-load measurement. 
 

In series of experiment was made another measurement of 
indicated pressure during downhill driving. The power in this case 
equal to power that could by accumulated. Indicator diagram of 
downhill driving is shown in Fig. 8. 

 
Fig. 8 Indicator diagram of downhill driving. 

 

Conclusion 
Measuring apparature Kibox to go, that was used during a series 

of experimental measurements, offers a wide range of use. 
Apparature allows the measurement of the pressures in the cylinder, 
measurement of the heat release, identification the beginning and 
end of combustion, TDC (top dead centre) identification, sensing 
the rotational angle of the crankshaft and others.  

In addressing the issue of energy consumption of road vehicles 
is planned a series of measurements during the operation of a road 
vehicle in real traffic. 

Acknowledgement 
This contribution was created within the framework of the 

projects ITMS: 26110230107 supported by the Agency of the 
Ministry of Education, Science, Research and Sport of the Slovak 
Republic for EU Structural Funds. 

 

References 
[1] Zvyšovanie výkonových parametrov spaľovacích motorov 
optimalizáciou zapaľovacej krivky / Michal Puškár - 2009.In: 
Zdvihací zařízení v teorii a praxi. No. 2 (2009), p. 47-50. - ISSN 
1802-2812 

[2] Príspevok k problematike vysokého kompresného pomeru a jeho 
vplyv na výkonovú krivku u pretekárskych dvojtaktných motorov / 
Michal Puškár - 2010. In: Zdvihací zařízení v teorii a praxi. No. 1 
(2010), p. 57-59. - ISSN 1802-2812 

[3] Zvyšovanie výkonovej charakteristiky motora / Michal Puškár, 
Roman Kux - 2011. - 1 elektronický optický disk (CDROM).In: 
Bezpečnosť - Kvalita - Spoľahlivosť : 5. medzinárodná vedecká 
konferencia : zborník : Košice, 2011. - Košice : TU, 2011 S. 240-
244. - ISBN 978-80-553-0612-4 

[4] Influence of throttleless load control of petrol engine on its 
effectiveness / Juraj Saniga, Pavol Kukuča. In: TRANSCOM 2011 : 
9-th European conference of young research and scientific workers : 
Žilina, June 27-29, 2011, Slovak Republic. - Žilina: University of 
Žilina, 2011. - ISBN 978-80-554-0375-5. - S. 179-182. 

[5] Analýza parametrov ovplyvňujúcich tlak v piestovom stroji / 
Rastislav Isteník, Pavol Kukuča. In: XXXIV. mezinárodní 
konference kateder a pracovišť spalovacích motorů českých a 
slovenských vysokých škol : Liberec 10.-11. září 2003 : sborník 
přednášek vydaných při příležitosti 50. výročí založení vysoké 
školy v Liberci. - V Liberci: Technická univerzita, Katedra strojů 
průmyslové dopravy, 2003. - ISBN 80-7083-742-X. - S. 116-121. 

 

 

 

61



USING OF WASTE HEAT OF INTERNAL COMBUSTION ENGINES 
 

Ing. Miloš Brezáni1, doc. Ing. Róbert Labuda, PhD.1, doc. Ing. Dalibor Bárta, PhD. 1, Ing. Ján Repka1 
Faculty of Mechanical Engineering – Department of Transport and Handling Machines – University of Žilina, Slovak Republic 

milos.brezani@fstroj.uniza.sk 
 

Abstract: Article discusses about the use of heat exchangers for stationary combustion engines and cogeneration units. The paper is 
dedicated to the problem of unused thermal energy in stationary engines. It analyzes possibilities of accumulation of heat energy and its 
possible application in various fields. The paper deals with the classification of heat exchangers and with the subsequent description of 
design solutions of heat exchangers types used in given field. 
Keywords: HEAT EXCHANGERS, COGENERATION UNITS, WASTE HEAT, COMBUSTION ENGINES, UNUSED ENERGY 
 

1. Introduction  

Nowadays if we omit alternating economic crisis. We can talk 
about ecological time. Political thinking towards just environmental 
but also economical, gives new insight into the lifestyle and comfort 
of man. A great impact just on these aspects has energetic. It is due 
to the increasing energy demands of human society, on which 
depends in no small measure the environmental burden and 
efficiency of energy use. 

Possibility how  to reduce energy consumption, is the way of 
savings. Reduction in fuel consumption can be utilized in a 
direction, which deals with the production of several types of 
energy, and possibly also of the products from the primary source at 
the same time. To this category can include cogeneration, 
trigeneration and polygeneration. Find a use for the heat is not as 
easy as in the case of electrical energy. But nevertheless is being 
offered several options, such as use of heat for hot water or direct 
water heating and its subsequent use for houses or large objects, 
depending on the performance of the cogeneration unit itself. 
Another option would be to use the absorption unit to transform 
heat to cold, making it possible to extend services to the production 
of cold water, for example for supply of air conditioners. 

 
Fig. 1 Cogeneration principle 

For all these systems the energy transformation is decisive the 
method how to submit it. For this intention in case of heat is used 
inseparable part of most of the systems which is called the thermal 
coupling node. Thereby may be various types of heat exchangers, 
coolers, condensers etc. The most common devices nowadays 
belong heat exchangers. In this case, for the generation of thermal 
energy from the exhaust gas and its subsequent use in other 
applications. 

2. Use of heat exchangers in cogeneration units and 
stationary internal combustion engines. 

For use of stationary internal combustion engine to generate 
electricity, or in other applications, arises a waste heat [1]. In most 
cases, this heat is not used in any way, but today´s time  more and 
more forcing producers and consumers to invest in technology that 

can leverage the potential of unused energy and contribute to cost 
saving. To this end has started to use exhaust gas heat exchangers. 
An exhaust heat exchanger is positioned on the exhaust pipe, 
removing heat flue gases, which could then be used for various 
applications. 

 
Fig. 2 Position of exhaust gas exchanger in stationary combustion engine 

Exhaust gas temperature at the start of the exhaust pipe is in 
the range 500-700 ° C. This means that the exhaust gases offer a 
great potential for utilization of waste heat. The exhaust gases in the 
most of cases heat up liquid, which can subsequently be used in 
several ways. 

3. Use of thermal energy from stationary 
engines 

Possibilities of using waste heat are several. The most common 
include heating domestic   hot water and heating. Smaller 
stationary engines can cover claims of houses alternatively 
smaller buildings. Using the largest units with up to 2 MW, or 
combining multiple units into a single source of energy can 
cover demands for heating and DHW for larger building or 
complex of several buildings. 

 
Fig. 3 Cogeneration unit with supply of heating water and hot domestic 
water 
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A further possibility is the use of waste heat to accumulate in 
the storage tanks, and its subsequent use, if needs. In the Nordic 
countries, the use of waste heat necessary to ensure of the right 
engine function. Heat is used for heating of intake air and in a case 
of engine shutdown for maintaining the operating temperature for 
the purpose to avoid cold starts. With the similar principle is already 
dealing automakers like BMW with their technology Efficient 
Dynamics. Automakers already knows for a long time, that the 
heating of combustion engine in winter requires more fuel and the 
engine also produces larger amounts of emissions. Thus the engine 
is warmer, thus there is less friction and decreases consumption and 
CO2 emissions [2]. BMW engineers have calculated that the 
warmed engine after start in the winter consumes about 10% less 
fuel than a cold engine. 

The heat exchanger which heats the fluids and shortens warm-
up phase of the engine is already commonly used in gasoline 
engines. The faster the heated oil in the gearbox and the engine is at 
operating temperature, the lower the energy losses by friction and 
fuel consumption. For diesel engines, BMW sees the potential 
saving in heating the interior. Modern units are already so efficient 
that the waste heat from them is unable to heat cabin. Therefore, in 
vehicles with diesel engines is started mounted auxiliary electric 
heater with 1000 W power, which in winter increases fuel 
consumption by an average of 1 l per 100 km. In this regard can 
help heated interior by heat exchanger. Attachments electric heaters 
will thus become superfluous. The heat exchanger, like in gasoline 
engines may also participate in faster heating of diesel engine to 
operating temperature. 

4. Heat exchanger 
Device used for targeted transfer heat energy from the one heat 

medium to another one, according to the second law of 
thermodynamics, is called a heat exchanger [3]. These facilities 
include a large group and can be found in many sorts of systems 
without us realizing it. According to the purpose and primarily 
according to the action, which takes place in the heat exchanger can 
be divided into the condensers, evaporators, coolers, regenerative 
heat exchangers etc. Another division is quite normal according to 
the method of heat transfer, ie whether there is contact between the 
media etc. 

Heat exchangers are divided into:   

 Recuperative - media are separated by a solid 
impermeable wall and not coming into contact 

 Regenerative - occurs periodically substituted flow 
heating and cooling media in the defined area. 

 Contact - media come together for some time in contact 
without chemical reaction, and then are separated. 

 Mixing - media are in a certain place mixed and 
continuing as a mixture. 

 

The most commonly used type of heat exchanger is 
recuperative. This group primarily include tubular and plate heat 
exchanger. From the point of view flow is the most common 
counter-flow design, which results in better heat distribution than in 
parallel flow design. 

• Tube heat exchanger 

In this type of exchanger, heat exchange takes place 
between the tube and the tubular-space. Tubular space normally 
consists of pipes or tubes of circular cross section, but we can meet 
with cross-sections of other shapes such as oval, square etc. To 

reduce the dimensional parameters of tubular exchangers can use all 
sorts of ways to increase the area of the pipe from the side of the 
pipe as well as the tubular space. For this purpose are used, for 
example ribs. 

Tube heat exchangers can be divided according to the construction 
on: 

 With shaped tubes 
 With straight pipes  

o Tube in tube 
o Tube in the shell 

 

Design with shaped tubes represent different tube axis 
arranged in the shape of a helix, spiral etc., located in the shell. 

 
Fig. 4 Spiral tube heat exchanger 

Exchangers in design tube in tube are among the simplest device in 
the above category. It´s occurred like dismountable and non-
dismountable which are exclusively for pure thermal media.  

 
Fig. 5 Shell & tube heat exchanger 

In general the tube exchanger with jacket is the most 
commonly used heat exchanger , where the main structure consists 
of a tube bundle placed in the shell of a cylindrical shape. These 
exchangers are manufactured at many different versions, depending 
on the configuration of inlet and outlet orifices, pipes, construction 
attachment of different thermal dilatation of tubes and plastics etc. 
This type of heat exchanger typically includes partitions that 
perform two basic functions. Aretation of tubes resulting in a 
reduction of bending and vibration and also primarily direct the 
flow of media that is purposely altered to the cross-flow that 
increase the intensity of heat transfer. The system also has the 
disadvantage that, with the inclusion of partitions create higher 
pressure drop.   
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Fig. 6 Tube heat exchanger with baffles 

Tube heat exchangers are characterized by good heat 
resistance and affordable price. However, their disadvantages are 
small compactness and high weight. The case of the pipes with 
small diameter, in which is the aqueous medium dirty it´s expected 
gradual decrease of the cross-section pipe up to its complete 
clogging. 

 
Fig. 7 Real construction of tube heat exchanger with baffles 

• Plate heat exchanger 

Plate heat exchangers are based on a patent that has already 
been registered in 1878 by German inventor Albrecht Dracke. This 
principle, when one liquid cooling another liquid and liquids are 
flowing on both sides of group thin metal plates , became the basis 
for the construction of the heat exchanger - commercial plate 
pasteurizer Alfa Laval.  

For more than 130 years was plate heat exchangers 
developed and structurally modified to devices that are used in 
thousands of different applications in all industries. Plate heat 
exchanger was previously designed for heating and cooling of the 
milk, but now is commonly used for heating and cooling in 
industrial processes and it is the basis of air-conditioning in 
buildings or it provides heating of hot water for hundreds of 
millions of people.  

This type of heat exchanger is characterized with a row 
lying plates which bear shaped reinforcements create turbulence of 
heat transfer medium and enlarge the heat-conveying surface. The 
heat transfer medium, as shown in the figure flows between the 
slabs of small thickness, whereby the heat is transmitted between 
substances mainly convective. Plate heat exchangers can be sorted 
into dismountable and non-dismountable. Non-dismountable 
exchangers are usually occur in the brazing or welding design, 
which can also be used in case of the aggressive heat transfer 
medium. For plate heat exchangers is a clear advantage of their 
higher performance per unit area, therefore low weight and small 
size which is for the same performance about 5 times smaller than 
in tubular heat exchangers. However, the benefits are offset by 
higher prices and demanding production technology. 

 
Fig. 8 Plate heat exchanger 

 
Fig. 9 Fluid flow in plate heat exchanger 

5. Conclusion 
Nowadays, everyone looking for ways to save the largest 

amount of funds. Hence arise technology with which we can use 
energy from waste heat for other applications. Exhaust gas heat 
exchangers are increasingly appearing in conjunction with 
stationary combustion engines and automotive industries. Use of 
this technology to many manufacturers interesting solution as fuel 
economy and reduce emissions. The rate of fuel savings and overall 
efficiency of the plant will require yet another survey, which I will 
dedicate next steps in my work. 
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Abstract: This paper deals with comparing three types of non-conventional mechanisms of Stirling engines [1]. It is a wobble yoke 
mechanism, a special type of wobble yoke mechanism and mechanism with ring. The mechanism with a ring was designed as another 
possible mechanism for structural design of wobble plate in projekt Nonconventional engine FIK –Stirling [2]. The aim is to compare the 
relative movement of two consecutive pistons in the Stirling engine system and thus evaluate the course compression that arises in one 
interconnected system of this engine. The paper deals with the dynamic simulation of these mechanisms. The dynamic simulations were made 
in Autodesk Inventor sofware.  

Keywords: WOBBLE YOKE, MECHANISM, SIMULATION, DESIGN 

 

1. Introduction 
There is no need to use only the standard types of mechanisms, 

such as the Stirling engine in design of heat engines. Non-
conventional mechanisms of heat engines replace in some areas of 
energetics and transport the classic crank mechanisms [3] [4]. 
Indisputable advantage of crank mechanism is its relative design 
simplicity. Amount of experiences with mathematical modeling and 
dynamic calculations of crank mechanism allows its optimization 
on the operating conditions [5]. Engines with non-conventional 
mechanisms may have several advantages when used in practice, 
but the design calculation model is often more difficult. 
Mechanisms of transforming linear reciprocating motion to rotary 
motion can be investigated in several aspects. These aspects are the 
suitability of the mechanism for given type of heat engine, 
advantage in terms of designsize and location of individual 
components, etc. 

In the power engineering industry, these unconventional 
mechanisms displace or completely replace the traditional 
conventional mechanisms. 

 

 
Fig.1 Virtual models of the nonconventional designs:  
1-Whispergen- wobble yoke, 2-wobble yoke, 3- mechanism with 
ring 

2. Description of the compared mechanisms 
Models have been proposed for the design of Stirling engine 

with a double-acting piston. In the design of each compared types of 
mechanisms were specified the initial conditions. The models have 
the same strokes, the same length of connecting rods or ball joint 
segments (used in a mechanism  with ring, and a wobble yoke), 
because the task was to compare the relative motion of the pistons 
one interconnected part and to show  course of the these strokes per 
time unit. The initial conditions were determined with a view to 
achieving comparable graphically results.  

 

 

 

Wobble yoke system: 

The mechanism (details Fig.2,Fig.3) is designed so that the 
wobble plate 4 is allowed to circulate through the universal joint 7. 
The cross is attached to the fixed part 3 and the wobbleboard 4. 
Transformation of energy is further mediated through a ball joint 5 
which is eccentrically attached to the output shaft. 

 
Fig.2 Model of wobble yoke: (general view- up, details of 
wobble board mechanism- down): 1- piston, 2- ball joint 
segment,3- handle cylinders (fixed part), 4-wobble board, 5- 
shaft with ball joint, 6-bearing flywheel (fixed part), 7-cross 
joint 

 

1 2 

3 
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Fig.3 Model of wobble yoke mechanism- stroke and length of ball joint 
segment 

 

Whispergen system: 

This system (Fig.4,Fig.5) is designed so that each pair of 
opposite piston 1 is attached to its own joint mechanism (this is 
a universal joints 5), thus the whole mechanism is a double 
universal joint. Joint pins are attached to the fixed part 2 and the 
swinging arm 6. Transformation of the rocking motion to rotary 
motion is provided by swing arms (Fig. 4 position 6)fixed to the 
connecting segment (Fig. 4 position 7 and 8). Reciprocating 
motion of the pistons is transmitted through the connecting rods 
3 and universal joints on the eccentric shaft which is fixed 
component part of the output shaft 4. 

 

 

Fig.4 Model of whispergen wobble yoke mechanism: (general view- 
right side, details of wobble board mechanism-left side): 1- piston, 2- 
handle cylinders (fixed part),3- rod, 4- shaft with flywheel, 5- bearing 
flywheel (fixed part), 6- swing arm,7- upper connecting segment, 8- 
lower connecting segment 

 

 

Fig.5Virtual model of wobble yoke-whispergen mechanism- stroke and 
length of rod 

 

Mechanism with ring: 

This mechanism was designed as another possibility in case the 
mechanism of floating plate. In that case serves against concurrent 
rotational movement of a wobble board 3 along with crankshaft ring 
4 (shown in green), the axis of the pins must intersect point 
(intersection of the axes) crankshaft. Ring pins are fixed to the fixed 
plate 6 and on the wobbling plate 2, thereby allowing the board to 
perform a rocking motion, which is transformed into rotary motion 
by means of a cranked shaft 5. 

 

 
Fig. 6 Design of mechanism with ring (general view right side, details of 
mechanism and scheme- left side): 1-piston, 2-wobble plate, 3- ball joint 
segment, 4- ring, 5- shaft, 6-fixed plate 
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Fig.7 Virtual model of mechanism with ring- stroke and length of ball joint 
segment 

Virtual models used in the simulations were simplified, but these 
models are sufficient to evaluate the desired issue. Dimensional 
images with parameters such as the length of piston stroke and 
connecting rod, ball joint etc. were generated using the CAD 
software. 

 

3 Results 
The simulations were made in Autodesk Inventor. Simulations were 
set for one revolution. It means that the graphs show the course for 
one working cycle of one pair of pistons. The relative movement of 
the pistonswas compared. 

 

 

Setting of dynamic simulationparameters:  

- angular velocity of the shaft 10 deg.sec-1 

- simulation time- 36 sec 

 

 
Fig.8 Course of the relative movement - Wobble yoke system 

 

 
Fig.9 Course of the relative movement- Whispergen system 

 

 
Fig. 10 Representation during the relative movement - Mechanism 
with ring 

 

 

 

4 Conclusion 

 
Fig.11 The comparison of relative movement courses 

 

The resulting graphs were imported from Autodesk Inventor to 
Microsoft Excel. Fig. 11 shows the course of all three types of 
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engines. It can be seen only small deviations in courses of 
compression, transfer and expansion stroke. Models of wobble yoke 
and whispergen-wobble yoke have the same course. The 
mechanism with ring slightly deviates from them. From this 
comparison it can be said that the model with ring, which has been 
constructed so far only in virtual form, is suitable as an 
unconventional mechanism for Stirling engine design. Since the 
deviations of the piston movement courses are negligible, we can 
conclude that all three types of monitored models are in terms of 
heat transfer, respectively thermodynamics equivalent. 
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Abstract: In this paper some results concerning the evolution of flame propagation through unburnt mixture of two different hydrocarbon 
fuels,such as CH4 and C8H18, in engines with strong macro flows were presented. Flame propagation was represented by the evolution of 
spatial distribution of temperature in various cutplanes within combustion chamber. Flame front location was determined in zones with 
maximum temperature gradient. All results were obtained by dint of multidimensional modeling of reactive flows in arbitrary geometry of IC 
engine combustion chamber with moving boundaries. In 4.-valve engines the fluid flow pattern during intake is characterized with organized 
tumble motion pursued by small but clearly legible deterioration in the vicinity of BDC. During compression the fluid flow pattern is entirely 
three-dimensional and fully controlled by vortex motion located in the central part of the chamber. For that reason these engines are 
designated as IC engines with strong macro flows  (swirl, squish, tumble) yielding non-spherical flame shapes usually encountered in 
quiescent flows. Flame propagation results for both fuels were obtained with eddy-viscosity model i.e. with standard k-ε model of turbulence. 
The interplay between fluid flow pattern and flame propagation is entirely invariant as regards  fuel variationindicating that flame 
propagation through unburnet mixture of CH4 and C8H18 hydrocarbon fuels is not chemically controlled but controlled by dint of turbulent 
diffusion. 
KEYWORDS: FLAME PROPAGATION, TURBULENCE 

1. Introduction 
It is known for a long time that various types of organized flows 

in combustion chamber of IC engines are of predominant 
importance for combustion particularly with regards to flame front 
shape and its propagation. Some results related to the isolated or 
synergic effect of squish and swirl on flame propagation in various 
combustion chamber layouts are already analyzed and published [1, 
2] but results concerning the isolated or combined effect of the third 
type of organized flow i.e. tumble are relatively less presented and 
sometimes ambiguous  [3, 4]. For instance some authors [5] studied 
the development of swirl and tumble in five different intake valve 
configurations and found that when both inlet valves are opened no 
defined tumble flow structure was created rendering quick vortices 
dissipation before BDC. In spite of the fact that tumble flow is 
inherent to multi-valve engines some authors have demonstrated 
that some two-valve engines exhibit characteristics similar to 
tumble flow [6, 7]. In addition, the fairly similar fluid flow patterns 
in the vicinity of BDC in various combustion chamber geometries 
yield entirely different fluid flow patterns, spatial distribution of 
kinetic energy of turbulence and integral length scales of turbulence 
in the vicinity of TDC [8]. In such occasions the significance of 
organized tumble flow is fairly relative. Some theoretical and 
experimental results show that tumble is of prime importance for 
specific power and fuel economy increase in modern engines with 
multi-valve systems.  

From the theory of turbulence is known that vortex filament 
subjected to compression reduces its length and promotes rotation 
around its axis yielding the movement on the larger scale (“spin-up” 
effect).  

It can be presumed that tumble pursues the same rule i.e. the 
destruction of formed and expressive tumble during compression 
stroke generates the higher turbulence intensity and larger integral 
length scale of turbulence in the vicinity of TDC contributing to the 
flame kernel formation period reduction and faster flame 
propagation thereafter. The aforementioned logic imposes the 
conclusion that the most beneficial fluid flow pattern in the vicinity 
of BDC is well shaped high intensity tumble. Some additional 
objectives in this paper were qualitative and quantitative 
characterization of fluid flow pattern during induction and 
compression in a particular 4-valve engine, the analysis of the 
valve/port assembly from the point of compliance with presumed 
ideal fluid flow pattern and the clout of turbulence model variation 
on fluid flow and turbulence parameters. 

2. Model and computational method 
The analysis of this type is inherent to multidimensional 

numerical modeling of non-reactive fluid flow and therefore it is 
quite logical to apply such a technique particularly due to fact that it 

is the only technique that encompasses the valve/port geometry 
layout in an explicit manner. In lieu of the fact that, in its essence, 
multidimensional models require initial and boundary conditions 
only their applications is fairly complicated and imply some 
assumptions and simplifications [9]. The full 3D conservation 
integral form of unsteady equations governing turbulent motion of 
non-reactive mixture of ideal gas is solved on fine computational 
grid with moving boundaries (piston and valves) in physical domain 
(500.000-980.000 cells) by dint of AVL FIRE code [10]. In this 
case the numerical solution method is based on a fully conservative 
finite volume approach.  All dependent variables such as 
momentum, pressure, density, turbulence kinetic energy, dissipation 
rate, and passive scalar are evaluated at the cell center. A second-
order midpoint rule is used for integral approximation and a second 
order linear approximation for any value at the cell-face. A 
diffusion term is incorporated into the surface integral source after 
employment of the special interpolation practice. The convection is 
solved by a variety of differencing schemes (upwind or donor cell, 
interpolated donor cell, quasi second order differencing, central 
differencing, MINMOD and SMART). The rate of change is 
differenced by using implicit schemes i.e. Euler implicit scheme 
and three time level implicit scheme of second order accuracy. The 
overall solution procedure is iterative and is based on the Semi-
Implicit Method for Pressure-Linked Equations algorithm 
(SIMPLE).  For the solution of a linear system of equations, a 
conjugate gradient type of solver (CGS) is used. In this quest a  
nearly forty years old k-ε model of turbulence was used. This model 
based on Boussinesq’s assumption  is certainly the most widely 
used model of turbulence for engineering computations. On the 
contrary to some other models, such as Reynolds-stress closure 
model [11], its implementation is numerically robust due to 
simplicity of the model and at the same provides an acceptable level 
of accuracy for particular applications.  

The second one, relatively recent k-ξ-f model of turbulence i.e. 
eddy-viscosity model based on Durbin’s elliptic relaxation concept 
[13, 14] and its effect on flame propagation was  already analyzed  
[12] and is not under the scope of this paper. This model solves a 
transport equation for the velocity scale ratio ξ instead of imaginary 
turbulent normal stress component. In addition, the pertinent hybrid 
boundary conditions are prerequisite. 

3. Results and discussion 
The flame propagation through unburnt mixture of two different 

hydrocarbon fuels, such as CH4 and C8H18, was analyzed by dint 
of the evolution of spatial distribution of temperature, represented in 
form of iso-contours, in six cutplanes passing through various parts 
of fairly complicated IC engine combustion chamber geometry 
layout presented in figures 1 and 2. Obviously, combustion chamber 
is constrained with dual intake and exhaust valves. The basic block 
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data sheet consists of bore/stroke ratio = 80/81.4 mm, squish 
gap=1.19 mm, engine speed RPM = 5500 min-1 and mixture quality 
λ=1. It should be stated that maximum valve lift is 6.95 mm for 
intake valves and 6.63 mm for exhaust valves while the other 
geometrical data (relative location, valve shape etc.) could be seen 
in fig.1 and 2.  

 
Figure.1. Perspective view of the combustion chamber geometry 

layout with 4-valves (upper view) 

 
Figure.2. Perspective view of the combustion chamber geometry 

layout with 4-valves (bottom view) 

The first cutplane is x-z plane passing simultaneously through 
both one intake and one exhaust valve displaced 1.16cm along y axe 
far away from the symmetry plane (y=const.=1.16). The second 
cutplane is x-z symmetry plane itself (y=const.=0).  The third and 
fourth cutplanes are y-z planes passing either through both intake or 
exhaust valves respectively and displaced appropriately forward and 
backward along x axe (x= ± const.).The fifth cutplane is x-y plane 
passing through mid-height of the combustion chamber while the 
sixth cutplane is x-y plane passing through squish zone. 

The flame propagation i.e. the evolution of spatial distribution 
of temperature in the first cutplane for C8H18 and CH4 fuels is 
shown in figs. 3-10.  

 
Figure 3. Spatial distribution of temperature in x-z plane, y=const. 

(1.16) at 355 deg. ATDC, k-ε, C8H18 

 
Figure 4. Spatial distribution of temperature in x-z plane, y=const. 

(1.16) at 355 deg. ATDC, k-ε, CH4 

 

 
Figure 5. Spatial distribution of temperature in x-z plane, y=const. 

(1.16) at 360 deg. ATDC, k-ε, C8H18 

 
Figure 6. Spatial distribution of temperature in x-z plane, y=const. 

(1.16) at 360 deg. ATDC, k-ε, CH4 

 
Figure 7. Spatial distribution of temperature in x-z plane, 

y=const. (1.16) at 365 deg. ATDC, k-ε, C8H18 

 
Figure 8. Spatial distribution of temperature in x-z plane, 

y=const. (1.16) at 365 deg. ATDC, k-ε, CH4 

 
Figure 9. Spatial distribution of temperature in x-z plane, 

y=const. (1.16) at 370 deg. ATDC, k-ε, C8H18 

 
Figure 10. Spatial distribution of temperature in x-z plane, 

y=const. (1.16) at 370 deg. ATDC, k-ε, CH4 

The flame propagation i.e. the evolution of spatial distribution 
of temperature in the second symmetry cutplane for C8H18 and 
CH4 fuels is shown in figs. 11-20. 

 
Figure 11. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 345 deg. ATDC, k-ε, C8H18 

 
Figure 12. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 345 deg. ATDC, k-ε, CH4 

 

 
Figure 13. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 350 deg. ATDC, k-ε, C8H18 

 
Figure 14. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 350 deg. ATDC, k-ε, CH4 
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Figure 15. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 355 deg. ATDC, k-ε, C8H18 

 
Figure 16. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 355 deg. ATDC, k-ε, CH4 

 
Figure 17. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 360 deg. ATDC, k-ε, C8H18 

 
Figure 18. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 360 deg. ATDC, k-ε, CH4 

 
Figure 19. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 365 deg. ATDC, k-ε, C8H18 

 
Figure 20. Spatial distribution of temperature in x-z symmetry 

plane, y=0.0 at 365 deg. ATDC, k-ε, CH4 

The flame propagation i.e. the evolution of spatial distribution 
of temperature in the sixth cutplane for C8H18 and CH4 fuels is 
shown in figs. 21-30. 

 
Figure 21. Spatial distribution of temperature in x-y plane passing 

through squish zone at 345 deg. ATDC, k-ε, C8H18 

 
Figure 22. Spatial distribution of temperature in x-y plane passing 

through squish zone at 345 deg. ATDC, k-ε, CH4 

 
Figure 23. Spatial distribution of temperature in x-y plane passing 

through squish zone at 350 deg. ATDC, k-ε, C8H18 

 
Figure 24. Spatial distribution of temperature in x-y plane passing 

through squish zone at 350 deg. ATDC, k-ε, CH4 

 
Figure 25. Spatial distribution of temperature in x-y plane passing 

through squish zone at 355 deg. ATDC, k-ε, C8H18 

 
Figure 26. Spatial distribution of temperature in x-y plane passing 

through squish zone at 355 deg. ATDC, k-ε, CH4 

 

 
Figure 27. Spatial distribution of temperature in x-y plane passing 

through squish zone at 360 deg. ATDC, k-ε, C8H18 
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Figure 28. Spatial distribution of temperature in x-y plane passing 

through squish zone at 360 deg. ATDC, k-ε, CH4 

 
Figure 29. Spatial distribution of temperature in x-y plane passing 

through squish zone at 365 deg. ATDC, k-ε, C8H18 

 
Figure 30. Spatial distribution of temperature in x-y plane passing 

through squish zone at 365 deg. ATDC, k-ε, CH4 

Obviously neither differences in flame propagation nor in flame 
front shape in all cutplanes were encountered for both hydrocarbon 
fuels used (C8H18 and CH4) yielding the conclusion that flame 
front shape and its displacement are not chemically controlled but 
controlled by dint of turbulent diffusion i.e. by high intensity of  
turbulence and cascade process of tearing or breaking up large 
vortices into smaller ones and their dissipation into heat.  

Anyhow, at least five conflicting mechanisms, acting in concert, 
are of prime importance  for the determination of flame front shape 
and its displacement.  These are, inter alia, flame generated 
turbulence, compression by the flame, increase of the viscosity 
behind the flame front, the sign and the magnitude of the density 
gradient across the flame front and the effect of large heat release 
due to chemical reactions.  

Namely flame propagation through un-burnt mixture causes the 
acceleration of the hot gas in front of the flame front. In the case of 
shear the production of turbulence increases with the effect of flame 
acceleration thereafter. In the compressed zone in front of the flame 
front the divergence of the mean velocity is negative yielding the 
generation of turbulence as well. In addition the sign and the 
magnitude of the density gradient within the flame affect the 
diffusion of turbulence. Referring to the energy conservation 
equation one can find the maximum enthalpy in the zone of 
minimal density i.e. behind the flame front so these higher 
temperatures cause the intensive increase of viscosity with the 
consequential increase of Ret-number, the increase of viscous 
dissipation of turbulence and shifting of the velocity fluctuations to 
the low frequency part of spectrum. In the heat release zone the 
dilatation of turbulence reduces the turbulent kinetic energy 
yielding attenuation of the fluid flow.  

4. Conclusions 
The flame front shape and its displacement in IC engine 

combustion chamber with strong macro flows are entirely invariant 
as regards fuel variation tested indicating that flame propagation 
through unburnt mixture of CH4 and C8H18 hydrocarbon fuels is 
not chemically controlled but controlled by dint of turbulent 
diffusion. 

Heat release term due to chemical reactions on right hand side 
of energy equation is of no importance for flame front shape and its 

displacement  yielding the conclusion that aforementioned 
invariance is valid for broad range of hydrocarbon fuels. 
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Abstract: The paper deals with a design of a regenerator of Stirling engine with unconventional mechanism of engine FIK. The final 
design of the regenerator is based on previous simulations of flowing of a working fluid, created in software Fluent. The paper presents 
basic requirements to be followed in the design of the regenerator. The contribution also contains a dimensional computation of the 
regenerator, which describes basic procedures and boundary conditions in the computation of the designed shape of the regenerator. 

Keywords: REGENERATOR, THERMAL EFFICIENCY, UNCONVENTIONAL MECHANISM OF ENGINE FIK, NUMERICAL 
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1. Introduction 
One of the possibilities of utilization of unconventional 

mechanism of engine FIK with inclined board is its modification in 
Stirling engine. [5]  In the figure 1, there is a sectional view of a 
virtual model of the mechanism shown. Stirling engine is a 
displacement machine, which performs work on the basis of 
changes of temperature, pressure and volume of the working 
medium. Stirling engine belongs to a group of engines with external 
continuous combustion. [6] Its characteristic feature is a closed 
circulation of the working medium. Nowadays, as the working 
medium in the design of Stirling engine is used air, helium and 
hydrogen. 

 
Fig. 1 Virtual model of unconventional mechanism FIK:  1 – regenerator, 2 
– cooled cylinder, 3 – swing plate, 4 – heated cylinder, 5 – flywheel, 6 – heat 
output, 7 – heat input. 

Regenerator represents the heat exchanger and temporary heat 
accumulator between the heated and cooled side of the engine. 
Regenerator has a great impact on the efficiency and overall 
performance of the Stirling engine. Sufficiently large temperature 
gradient between the heated and cooled side of the engine has 
favourably influence at a thermal efficiency of the Stirling engine. 
The greater the temperature difference, the higher the thermal 
efficiency. 

2. Synthesis of knowledge in the design of the 
regenerator 

Regenerator, from the design point of view, may be of a various 
shape and arrangement. In most cases, the regenerator consists of 
one or more axial passages. The individual passages are filled with 
a filler of the regenerator (Fig. 2). Regenerator together with the 
connecting pipes must be designed for the smallest lossy volume. 
The lossy volume of engine means the volume, into which, during 
the work cycle, does not interfere neither the heated cylinder nor 
cooled cylinder [7]. 

 
Fig. 2 Examples of arrangement of filler of the regenerator: a) network filler 
regularly arranged, b) network filler irregularly arranged, c) filler created 
from wires of irregular arrangement. [3] 

In the designing of the regenerator, the right choice of the filler 
material of the regenerator is very important. The filler of the 
regenerator must satisfy certain requirements, so that the Stirling 
engine operates properly. The filler material of the regenerator, 
which creates the regenerator´s core, must have good thermal 
conductivity, high thermal capacitance, corrosion resistance, low 
thermal expansion. Suitable materials for the filler of the 
regenerator are aluminium, copper, steel and the like. With respect 
to the structural design of the shape of the regenerator, the filler 
must have low porosity to avoid an increase of a harmful volume. 
The filler regenerator must have as great as possible heat - exchange 
surface and must ensures the flow of working medium with as little 
pressure loss as possible. On the bases of the above findings, the 
basic requirements for the regenerator to satisfy could be deduced: 

- must allow the accumulation (regeneration) of  the 
required amount of heat to maintain the required  
temperature differential,  

- must have the least pressure loss,  

- must have the minimal lossy volume   

3. The Functional design of the regenerator 
The design of the shape and main regenerator dimensions was 

made on the basis of selected parameters of the designed 
mechanism. In the designing of the shape of regenerator was 
necessary to take into account certain design parameters of Stirling 
engine with unconventional mechanism FIK such as diameter and 
stroke of heated and cooled cylinders and a spacing distance 
between the cylinders. The designed engine was chosen as short - 
stroke (under - squared) engine with diameter of cylinders 75 mm 
and a stroke of 72 mm [2]. In the design of the regenerator it was 
necessary to take into account besides design parameters also 
performance parameters, which Stirling engine with conventional 
engine FIK must achieve. Required parameters of the mechanism: 

Performance P = 2 kW, the compression ratio ε = 2, a thermal 
gradient of 190 ° C, the engine speed n = 200 min-1, excess pressure 
in the engine p = 0.2 MPa [1]. 

Virtual model of the regenerator was created by using CATIA 
software, on the base of engine construction with mechanism FIK. 
Subsequently, for the designed shape of the regenerator was 
designed filler of a various materials. The designed regenerator 
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together with the filler was exposed to simulation in Fluent 
software. Functional properties of the regenerator and its filler were 
verified by using the Fluent software [4]. During the simulations 
were monitored various parameters such as the temperature inside 
the regenerator, the speed of heat transfer between the working 
medium and the filler, the direction of flow of the working medium 
in its transition between heated and cooled side of the engine, the 
pressure progressions in the regenerator and more other parameters. 
On the basis of simulations of flow of the working medium through 
the various constructional designs of the regenerator was created the 
final shape of the regenerator, which is shown in Figure 3: 

 
Fig. 3 Virtual model of the regenerator: 1 - flange of the cooled cylinder, 2 - 
flange of the heated cylinder, 3 - body of the regenerator, 4 - connecting 
tube, 5 - coupling flange, 6 - transition cone. 

The bodies of the regenerator with flanges create a major part of 
the regenerator. The body of the regenerator is made of a copper 
sheet with thickness of 2 mm and an internal diameter of 51 mm. 
The steel coupling flanges are welded to the end faces of a 
regenerator. The inside of the regenerator body is filled with filling 
from an aluminium material. Used filler of the regenerator depicted 
at the figure 4 has louvre structure. Aluminium filler is set along in 
a body of the regenerator. The frontal areas of individual elements 
of the filler in the body of the regenerator are oriented normal to an 
axis of the regenerator. These elements are asymmetrically swing 
concerning to an axis of the regenerator, whereby similar structure 
as in the figure 2 b) is created. 

 
Fig. 4 Structure of the filler of the regenerator. 

A transition piping of the heated and cooled cylinder are 
screwed on the body of the regenerator by flanges. A material of the 
body of the regenerator and transition piping were designed on the 
basis of requirements on good heat conductivity and low weight of 
the entire system. According to figure 5, the construction of both 
transition pipes is the same. The difference between each of 
transition piping is just in particular flanges, which are made from 
steel and by which the whole assembly of the regenerator is 
screwed on the cylinder head of the nonconventional engine FIK. 
The transition piping is made from a copper sheet metal thickness 2 
mm and inside diameter 19 mm. A part of the transition piping is 
also a non-coaxial conic passage. This way designed atypical shape 
of the conic passage is significant due to better flow of the working 
fluid through the regenerator. Individual parts of the transition pipes 
are welded to each other. A material of individual flanges, which 
creates connecting elements between individual parts of the 

regenerator, is designed on the bases of requirement on higher 
stiffness of the construction [3]. 

 
Fig. 5 Transition piping: a) heated cylinder, b) cooled cylinder. 

In the figure 6 there is a real model of the regenerator depicted. 
Before production of the regenerators, numerical computation was 
realised to verify safety against overloading of admissible stress of 
the body of the regenerator by an influence of internal overpressure. 

 
Fig. 6 Real model of the regenerator. 

This computation was realised by computing program Adina. 
Numerical analyse is in major part of cases markedly less expensive 
than real testing and experiments. With its help, it is possible to 
realise many versions of a solution in a very short notice and to 
appoint a variant, which meets the needs of the production and the 
usage of the specific mechanical component the best. 

4. Dimensionally verification of the regenerator by 
the numerical analyse 

By using a finite element method it is possible to simulate 
loading of a component and so compute an effect of the loading in 
its volume. It is concerned about a distribution of load and critical 
position finding with high local value of stress (e. g. sharp edges, 
step change of a cross section of a component, etc.). Primarily, it is 
necessary to provide a model of a component to program (fig. 7), 
which may be built directly in the FEM program or in whatever 
computer aided program for design and subsequent import to FEM 
program. 

 
Fig. 7 3D model of body of the regenerator created in the program Adina 
(left), on the right 2D depiction for better illustration of the shape of frontal 
area of the regenerator. 

If the model of the component is created, it is necessary to put 
material properties to program. For simple computation of static 
loading (most of components in engineering), a program for its 
correct function, makes do with values of elastic modulus, 
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Poisson´s ratio (presents absolute value of fraction of specific 
strains), if appropriate density. Chosen material of the regenerator 
body was a high purity copper 99, 9 % with a value of elastic 
modulus E = 1, 1 x 1011 Pa, elastic limit Re = 60 MPa, density ρ = 
8 940 kg.m-3, Poisson´s ratio μ = 0, 34 (-). A computation was 
carried out with these values of parameters. If we consider thermal 
loading, it is necessary to assign values of dilatability and heat 
conductivity factor with known value of elastic modulus at the 
temperature of the heated regenerator. Whereas this temperature 
(about 250 °C) presents small value against fusion point of copper 
(1084.62 °C), an influence of increased temperature (difference 
between elastic modulus at 20 °C and 250 °C) will be intercept by 
increasing of surety factor k, which will include the influence of 
loading of regenerator (disappearing compression stress) and 
increased operating temperature of the regenerator (250 °C). 
Therefore it was chosen required surety factor kmin = 2,7 (-). The 
following is a loading of component, which needs to be “anchored”, 
thus define number of degrees of freedom for some of points or 
surfaces of the component (fig. 8 left). 

 
Fig. 8 Gripping of the regenerator (left) and loading of the regenerator by 
inside pressure p = 0, 2 MPa (right). 

Gripping of the regenerator is practically solved as fixing into 
transition piping (as seen on fig. 1, 3, 5 and 6). Therefore gripping 
of the component was chosen to be a fixing into an area, where 
transition piping will be attached at assembly (fig. 8 left – green 
coloured circles). Subsequently, we can apply external loading, if 
appropriate temperature (at some of surfaces, points or entire solid). 
In this case, it is a distributed inside pressure about the size p = 0, 2 
MPa (fig. 8 right). After defining material properties and boundary 
conditions, designing and creating of the mesh follow (fig. 9). A 
component is divided into many small finite elements and each 
element has defined material properties in its nodal points.  

 
Fig. 9 FEM mesh of the regenerator. 

The entire component is meshed by triangular four – nodal 
elements (as it is solved as a shell, owing to small thickness of a 
body wall of the regenerator – 2 mm). Creation of the mesh is the 
most important step before the computing, because at generation of 
a wrong designed mesh may come to deformation of the elements in 
areas with complicated shape of the component – this, during 
computation, leads to inability of program to accomplish the 
computation. An important step is setting of time step length of 
computation or number of steps, because the computation is 
iterative and must converge. Iterative methods are useful at solving 

(generally) large systems of non-linear equations by successive 
approximation to an exact solution. 

If we use very dense mesh from complicated elements (i.e. 
elements from many nodes), it is necessary to enlarge number of 
steps of the computation to ensure faultless running of computation. 
After accomplishing of computation by the program, we can display 
results by post processor (fig. 10 and 11). 

 
Fig. 10 Displayed displacements on the body of the regenerator by the 
influence of the loading. 

5. Conclusion 
By numerical analyses it is possible to simulate a process of the 

loading very real and on the bases of the reached results (stress and 
strain, temperature field, material structure, hardness, plastic 
deformation, etc.) is possible to effectively perform optimalization 
of technologies. In this case, maximal effective stress detected by 
numerical analyse at program Adina, as seen in fig. 11, is located in 
frontal area of the body of the regenerator in fixing area. 

 

 
Fig. 11 Simulated effective stress von Mises detected on the regenerator´s 
body. 

Value of this effective stress is 20.78 MPa, what is third of the 
value of admissible stress of the material, which the component is 
made from. It means that regenerator´s body designed in this way 
(geometry, loading) is suitable for utilisation at purpose for which 
has been engineered with sufficient surety factor in running. 
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Abstract: Torque and speed measurement has always been a great challenge for many industries such as aviation, shipbuilding and 
automotive industry. These forces are of substantial importance for the research of the deformation processes developing in the modern 
marine diesel engines. The values of these forces provide the input data for calculating the overall strength of ship power plants. Continuous 
monitoring of these parameters while the ship is in service ensures safe operation of all machinery, reduces the risk of unplanned repair 
works and improves the engine performance in view of low fuel consumption and reduction of CO2 and NOx emissions. 
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1. Introduction 
Ship’s shaft line is an elastic system loaded with driving and 

reaction moments that have variable magnitude and direction. The 
moment generated by the pressure of the gases in the cylinder and 
the moment created by the mass of the pistons and connecting rods 
are examples of driving moments whereas the propeller moment 
and the frictional moment in the cylinders and bearings are 
classified as reaction moments. The inertia moments of the 
connecting rod assembly, of the flywheel and the propeller have a 
specific function. Upon accelerating they serve as reaction moments 
because they counteract the speed changes as opposed to slowing 
down when they have the same direction of the driving moments. 
As a result of the combined action of the driving, reaction and 
inertia moments, the shaft line is twisted, this twist being different 
for each shaft section.  

2. Problem discussion.  
The magnitude of these forces is determined in a different way: 

- the torque is determined by means of torque meters which can be 
two types – mechanical and electrical; 

- speed is measured by direct and indirect methods by means of 
instruments called speedometers. 

All measuring instruments shall meet certain requirements in 
compliance with the international standards and the Bulgarian 
Register of Shipping (BRS). BRS has ISO 9000 certification. 

3. Objective and research methodologies.  
3.1 Indirect measuring with sensors 

Measurement of shaft torque assists in determining the fuel 
consumption of ships.  The company KYMA aims at ensuring that 
the newly-built ships are as energy efficient as possible. For this 
purpose KYMA [1] Norway uses indirect measurement of torque by 
means of sensors (strain gauges).  

Generally the active part of the sensors is about 2-10 mm2. 
They have elastic insulation base on which metal foil is laid down.  
The sensor is attached to the shaft with the help of suitable 
adhesive, for example, cyanoacrylate glue. Strain gauges are 
mounted in pairs on the shaft, one of them measures the increase in 
length (in the direction in which the surface is under tension) and 
the other measures the decrease in length in the opposite direction.  

The elements are located on the shaft axis in such a way that the 
resistance of the elements increases, if the axis is subjected to 
tensile forces. 

Modern electronics for torque measurement is based on 
resistance changes in Wheatstone bridge  

 

 

Fig. 1 Wor 
3.2 Direct methods for shaft twist measurement 
Here follows an overview of some of the leading companies and 

their modern methods and instruments: 
3.2.1. LEMAG Marine Instruments [2] 
LEMAG Marine specializes in the field of fuel systems for 

reduction of emissions and reduction of fuel consumption. LEMAG 
offers shaft twist measurement by means of induction sensors that 
measure displacement.  

In order to measure the twist of rotating shafts: 
- 2 rings are mounted on the shaft, spaced 500 mm apart 
- 2 precision sensors are mounted opposite to the electrical 

arms 
- The data measured are transmitted by radio waves from 

the shaft to the stationary unit. 
 
Advantages of LEMAG method: 
- no external (shore) maintenance is required 
- the crew can calibrate the system when the engine is 

stopped by means of turning device 
- stability and long life of the system 
 
The following parameters are displayed on the touch screen: 
- Torque (kNm) 
- Shaft speed (rpm) 
- Output power (hp) 
- Mean output power (hp) 
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- Comparison of the limit curves of the nominal power and 
of the propeller. 

 

 
 
3.2.2 VAF INSTRUMENTS – Holland [3] 
VAF Instruments is a leading company in the design, production and 

sales of measurement and control systems worldwide.  
For measurement of the twist of rotating shafts the company offers the 

following: 
-two rings mounted on the shaft, spaced 250 mm apart 
-the displacement between both rings is determined on the principle of 

optical measurement 
- extreme accuracy of the optical sensor (within nanometer range) 
- possibility for analysis of torsional vibration 
- 4 GHz wireless transmission of data 
- induction control by a transmitter 
- difference of 3 mm between the fixed and running parts 
 
Advantages: 
- mounting of sensors is not time-consuming 
- easy mounting and starting-up 
- total costs for mounting are not big 
- no wear, no need for maintenance and re-calibration 
no maintenance fees, low costs throughout the whole service life. 
 

 
3.2.3. HOPPE Marine – Germany [4] 
One solution that the company offers is as follows: two 

identical toothed wheels are mounted on the shaft at a certain 
distance and measure the angular displacement – fig.5 and fig.6. 
They can be mounted on shafts rotating up to 150 rev/min.  

HOPPE POWER METER 
- measures shaft twist 
- two pairs of toothed wheels are mounted at a distance of 

7-10 m; the number of teeth z1 = 480 and z2 = 48.  
The calculation of torque is proportional to the phase 

displacement of the electrical impulses. The bigger the phase 
difference, the bigger the torque. 

 

3.2.4. KONGSBERG MARITIME – Holland [5] 
The company has developed another interesting method. Two 

identical disks with openings (code wheels) are mounted on the 
shaft at a certain spacing apart – fig.7 and fig.8. A photocell is 
exposed to LED light passing through both wheels. As torque 
occurs, one of the wheels overlaps the other, the light flow is 
changed and the photocell detects this change. 

- measures the twist of rotating shafts 
- light is transmitted by LEDs through the openings of the 

code wheels mounted at a distance of 1 to 4 m.  
- digital electronic signal is transmitted for processing and 

calculating of torque. 
 
Advantages in comparison with the conventional methods for 

torque measurement: 
- no sensitive electronics 
- no mechanical wear 
- no zero point displaced in the course of time 
- not affected by the ambient temperature 
- easy re-fitting after inspection of the shafting ( no 

replacement of torque sensors) 
- not affected by centrifugal forces 
- insensitive to electrical fields 
 
Maintenance 
- no wear, no tear of LEDs 
- maintenance made by crew 
- lenses and rings are cleaned by compressed air 

 

 
3.2.5 GREX – Bulgaria [6] 
The firm GREX with president Vladimir Grigorov from the city 

of Varna offers another method for torque measurement: two 
identical magnetic bands are mounted on the shaft at a certain 
length and they measure the phase displacement as shaft torque 
occurs – fig.9. 

Non-contact, digital measurement of torque by means of 
- two metal bands with magnetic properties located at a 

distance of 0,8 -1,2 m 
- two magnetic sensors at 0,8 – 1,6 mm from the shaft 

 
The magnetic sensors are easy to install on three-dimensional 

adjustable arms. They generate 128-628 impulses per revolution of 
shafts with D = 0,2 – 1.0 m. The microprocessor in the transmitter 
measures the delay  - s0, s1, s2, .. sn,   between the impulses caused 
by the shaft twist. The accuracy of the digital measurement is very 
high with a resolution of 100 nanoseconds (ns).  

 
Accuracy 
The torque is measured digitally by the phase displacement of 

the magnetic impulses of the band at periods of 100 ns. 
Advantages: 
- digital method for measurement of shaft twist, not 

affected by ambient temperature changes, thrust bearing or power 
supply 

- connected with non-contact digital magnetic sensors, no 
sensitive electronics 

- no need for provision of power supply for shaft elements 
- no need for transmitting of the rotating parts data by 

telemetric signals  
- not affected by centrifugal forces 
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- no mechanical wear 
- high accuracy, resolution time – 100 ns 
- no zero point displaced in the course of time 
- simple and easy installation 
- low installation costs, no costs for maintenance 
- easy re-fitting after inspection of the shafting 
- zero calibration by pressing a button 
- no maintenance and easy to operate 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion.  
International practice of leading companies dealing with 

measuring torque and speed, includes two primary ways to solve:  

-  indirect measurement using strain gauges; 

- direct measurement based on the measurement of the twist 
shaft. 
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