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1. Introduction

Thermodynamic and thermochemical processes taking place
in the cylinder of a piston, internal combustion engine have been
thoroughly investigated, among others, in the USA, Japan and EU
countries. The research is stimulated by the development of elec-
tronic systems controlling the engine work, which are widely applied
to automotive vehicles. Those systems make the engine attain the
required power and the optimum work indicators due to the
minimum fuel consumption, the minimum emission of harmful
components of exhaust gases and noise. They also provide for high
reliability and long service life.

The combustion process is responsible for satisfying the above-
mentioned requirements. Therefore, it is the combustion process
and possible improvements on it that draw the most attention.
A cylinder pressure indicator diagram is useful here. It can be
either computed or taken experimentally. With it, it is possible to
determine and analyse the engine indicators and evaluate the char-
acteristics of combustion heat emission. Moreover, it allows us to
determine balance composition of basic components of combus-
tion products versus the crankshaft rotation angle and also engine
work hardness, etc.

In the paper, the author presents the basic issues concerning
the analysis and simulation of indicator diagrams on the basis of
randomly set characteristics of the relative amount of heat emitted
in combustion. 

2. Experimental determination of an indicator diagram

In order to determine the characteristics of the relative amount
of heat emitted in combustion it is necessary to have a precise
diagram illustrating pressure changes in the cylinder, instantaneous
cylinder volumes, a reliable model of heat transfer between the

working medium and combustion chamber walls. We also need to
know the composition, amount and properties of the gas mixture.

The above-mentioned factors [1, 4, 7, 8] are decisive for the
accuracy of heat emission characteristics determination. The error
in the determination of those quantities may result from:
1) flow of lines of reference (environment),
2) thermal surge (shock),
3) error in specifying the piston position in TDC on an experi-

mentally taken indicator diagram,
4) no averaging of repeatedly taken diagrams (averaging accor-

ding to approx. 33 � 50 realisations) or smoothing of the ave-
raged experimental indicator diagram,

5) quantification errors (sampling, resolution) in the real diagram. 

The measurement system for investigations into piston internal
combustion engines should also satisfy the following requirements:
● it must be equipped with accurate sensors,
● it should be possible to record a number of quantities simulta-

neously,
● measurements must be taken quickly and accurately, the values

of measured quantities have to be recorded precisely,
● the quality control of measured quantities has to be kept while

they are recorded and it must be possible to repeat a measure-
ment if necessary.

The engine T359M investigations were carried out at the engine
test stand equipped with eddy-current brake of WS-230 type man-
ufactured by SCHENCK Company. The location of measurement
points in engine indication is shown in Fig. 1.

Installed at the analyser input, replaceable insert NS-582 allows
us to adjust the input signal voltage and to filter four simultane-
ously recorded and processed quantities presented in the digital
form. The synchronous addressing system in the function of the
crankshaft rotation angle makes it possible for the measured quan-
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tities to come as discrete 1024 data for 360° CA or 720° CA. If
one or two runs are recorded, the resolution can be increased twice
or four times, respectively. 

With the analyser reading system it is possible to:
– continuously watch the display of runs recorded in separate

memory groups and also overlay them onto one another so that
they can be compared, 

– screen manually the registered data with a potentiometer, where
data is read on the digital value indicator, 

– reproduce the registered runs on X � Y or Y � t recorders, oscil-
loscopes or loop oscillographs, 

– the system series or digital input is compatible with teleprinter,
printer, cassette memory or digital monitor,

– the system parallel or digital output is compatible with printer.

The correctness of TDC setting in the required channel is
checked with reference to the zero value of the first derivative of
compression pressure changes run. 

Measurements must be preceded by static and dynamic sensor
calibration with respect to the measurement current conditions. 

3. The preparation of experimental an indicator
diagrams for analysis 

If we want to prepare an experimentally taken diagram for
further analysis, first of all, it is necessary to correctly specify the
piston position in TDC on the indicator diagram and also to smooth
the values of pressures. It should be remembered that the diagram
of pressure in the working medium compression – expansion in
the cylinder is not symmetrical with TDC, even if the combustion
process does not take place. That results from the fact that there
are the previous cycle exhaust gases leftovers and there is heat
transfer between the working medium and the cylinder. Neverthe-
less, it often happens that in order to determine the piston TDC
in the indicator diagram, we make use of the point, at which the
first derivative of the compression pressure diagram equals zero.

For the sake of correction of TDC point location in the indi-
cator diagram, it is also possible to rely on the condition that the
mean indicated pressure pi, computed on the basis of measured
pressure values equals the mean indicated pressure determined as
the sum of exactly measured effective pressure and accurately deter-
mined mean pressure of mechanical losses occurring in the cylin-
der.

The correction of TDC point location in the indicator diagram
can be also made on the basis of the condition that a fuel portion
is completely burnt as a whole until the instant at which the outlet
valve opens. This condition is satisfied when the relative amount
of the heat emitted x 	 1,0. The condition, however, is not com-
pletely true as it does not take into account the dissociation heat
of such exhaust gases components as H2O and CO2, which can be
quite large if the exhaust gases temperature exceeds 2500 K.

Smoothing pressures in the indicator diagram is aimed at fil-
tering out high frequency, often random diagram disturbances [8].
That involves connecting the measurement points with a smooth,
interpolation curve. As a result, we obtain more regular charac-
teristics of the relative amount of the heat emitted in a combus-
tion process. 

4. Combustion incipience, self-ignition delay period

Combustion process incipience in forced ignition engines is the
time instant corresponding to the spark-over. Combustion incipi-
ence in self-ignition engines is connected with the fuel injection
angle of advance and self-ignition delay period.

Self-ignition delay period is the time calculated from the begin-
ning of the fuel injection into the combustion chamber to the
chain-thermal explosion of the pre-flame reaction. It is registered
in the indicator diagram as the start of very rapid increase in the
working medium pressure and temperature caused by fuel combus-
tion [3]. The length of this period significantly affects the initial
stage of combustion: combustion rate, increase in pressure and
temperature, engine starting properties, noise and others. N. N.
Semenov, who investigated the kinetics of the pre-flame chain

Fig. 1. Diagram of measurement points location in engine indication: 
1 – piezoelectric sensor, type 642, of KISTLER company, for pressure
measurements in the cylinder, 2 – piezoelectric sensor, type 1AE -123,

manufactured by WRL, for fuel injection pressure measurements, 
3 – capacitive needle lift sensor, 4 – photoelectric angular addressing
sensor, 6 – angular addressing control system, 7 – charge amplifier,

type MPU532, 8 – reactance transducer, type 51BO2, of DISA company,
9 - digital control voltmeter C-549A, 10 – digital recorder of measured

runs, type NS-575, of NORTHERN company, with cartridge 582, 
11 – printer DZM-180, 12 – disc memory UNIPOLBRIT, 13 – computer,

14 – monitor NEPTUN 156
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reaction and experimental data [7], stated that for the delay period
�i of gas mixtures self-ignition, the following condition is satisfied:
� � �i � const, where � is the factor of the self-acceleration of pre-
flame reactions.

� � �o p
n exp���

R�
E

T

a
�� (1)

It is assumed that the constant rate of branching of the chain
reaction �o is proportional to the number of particle collisions,
and the latter, in turn, depends on the fuel concentration in com-
bustible mixture, that is on its pressure and temperature. This
assumption and generalisation of the experimental data led A.I.
Tolstov to the formula for the computation of self-ignition delay
period:
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where: B � Bo(1 � Kn); Bo 	 3.8 � 10�4; whereas K � 1.6 � 10�4

is a coefficient which accounts for the impact of the intensity of
the working medium motion in the cylinder (proportional to the
angular velocity n) on heat and mass transfer processes in the self-
ignition focus and other working medium parameters at the start
of fuel injection. Quantity Ei stands here for conventional energy of
activation of pre-flame reactions and is a universal gas constant. 

Formula (2) is widely applied to calculations of combustion
in self-ignition engines. In order to enhance the accuracy and reli-
ability of computation results, it is advisable to make the quanti-
ties Bo or Ei more precise in accordance with experimental data
for a given engine.

Calculating quantity �i in accordance with the experimental
indicator diagram, we take into account that a pressure changes
rate at the end of compression is usually quite high and it is diffi-
cult to make up for errors while specifying the inflection point of
a pressure p curve, connected with combustion incipience. This
point can be quite clearly determined with reference to the inter-
section point of temperature curves [6]. 

In order to do that, in accordance with values set p(�), in the
vicinity to the predicted point of self-ignition occurrence, we
compute the set of temperatures from the state equation. We plot
graphs T(�) and on their basis we determine the instant of self-igni-
tion occurrence as the point of intersection of different character-
istics T(�), that is: characteristics T(�) determined for compression
and combustion. When we compute heat emission characteristics
with the use of experimental indicator diagrams, the instant of
self-ignition is determined with reference to the rapid increase in
heat emission.

The methods of determining the instant of self-ignition occur-
rence are presented in the graphic form in Fig. 2. The intersection
of characteristic T(�) for compression, determined at the assump-
tion that air is the working medium with characteristic T(�), deter-
mined for � � �TDC at the assumption that the working medium
are the products of complete and total combustion of the fuel fed
to the engine. Curve T(�) for compression is plotted for � � �pw ,
whereas curve T(�) for combustion – when � � �TDC.

Ei
�
R�T

The self-ignition delay period is:

�i � �ps � �pw , °CA (3)
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The maximum rate of pressure increase in the self-ignition
delay period is:
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The conventional energy of activation of pre-flame reactions
is determined from the dependence obtained after the logarithmi-
sation of Tolstov’s formula (2):

Ei � R�Tpw ln ; (6)

If the computed value of quantity Ei is found in the interval


23000, 24000 �
m

J

ol
�	, for the fuel fed to the self-ignition engine,

it means that the determined value of fuel activation energy is suf-
ficiently reliable. The value of activation energy determined in this
way can be used in calculations of self-ignition delay period in the
same engine fed with the same fuel but working under different
conditions.

5. The determination of characteristics of heat emission
in combustion on the basis of an experimentally
taken indicator diagram 

Having prepared an experimentally taken indicator diagram
for further analysis we should compute:

100�i
��
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Fig. 2. The method of determination of the self-ignition delay 
period presented in the graphic form �pw – fuel injection start,

�ps – combustion incipience
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1. The amount of fuel charge burnt in a single working cycle of
the engine:
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2. The value of the theoretical number of air kilo-moles necessary
for complete and entire combustion of 1kg of fuel of known
elementary composition.
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where: C, H, O – carbon, hydrogen and oxygen mass partici-
pation in the fuel: C � H � O � 1.

3. Number of kilo-moles of working medium performing a single
working cycle of the engine:

Mcz � �v �
P

R
d

T

V

d

s
� lub   Mcz � � gc Mo (9)

where: �v – degree of cylinder filling; � – coefficient of excess
air.

4. Kilomolar specific heats of the working medium.
The value of kilomolar specific heat is assumed to be linearly
dependent on temperature [5], i.e.:

cv � a � bTśr ;   � � 1 � �
c�

R�

v

� (10)

where: � – adiabate exponent; a and b – temperature coeffi-
cients of specific heats.

In the paper the following notation is assumed: coefficients
for air – a� and b�, those for exhaust gases – a� and b� , and
those for compression – aspr and bspr .

5. Kilomolar specific heats of the working medium which changes
its composition in combustion.
The values of these specific heats are computed from the depen-
dence:

c�vspl � ai � bi Ti ;  c�pspal � R � ai � bi Ti (11)

where:

� (12)

Quantity x stands for the relative amount of the fuel that has
come into reaction until considered time instant, it is calcula-
ted from the dependence: 

x � �
�

Q
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6. The changing number of kilo-moles of working medium in
combustion can be accounted for by the introduction of instan-
taneous value of molar changes coefficient [6]. The values of
theoretical and current coefficient of molar changes in the

ai � aspr(1 � x) � x � a�

bi � bspr(1 � x) � x � b�

theory of internal combustion engines are calculated from the
dependence:

�o � 1 � and   � � �
�

1
o

�

�

�

�
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The instantaneous value of the coefficient of kilomolar changes
in combustion can be calculated from the formula:

�x � 1 � �
�

1
o

�

�

�

1
� � x (15)

The instantaneous number of kilomoles of the working medium
in the cylinder can be computed from the dependence:

Mx � �gc Mo �x (16)

6. The determination of characteristics of the relative
amount of heat emitted in combustion 

The relative amount of heat emitted in combustion is deter-
mined on the basis of the equation of the first law of thermodynam-
ics and the state equation of the working medium in the cylinder:

� (17)

The instantaneous and total amount of heat released in com-
bustion is calculated from the dependence:

dQx � � gc Wu dx ;  Q � � gc Wu (18)

where: � – coefficient of heat emission in combustion.

The amount of heat transferred to the walls of the combustion
chamber is calculated in accordance with Newton’s formula [2]:

dQsc � �g F dt (19)

Quantity �g is calculated on the basis of empirical dependences
provided in the literature on the subject [2]. Quantity F stands for
the surface transferring the heat, whereas dt can be substituted
with a finite quantity:

�t � �
�1

6
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�
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where: � – crankshaft rotation angle kąt, computed in °CA. 

In the computation methodology put forward by the author, it
is assumed that dissociation phenomenon does not occur in com-
bustion, i.e. Qdys � 0.

Inserting dependences (18), (19) and (20) into (17) and apply-
ing transformations, we obtain the formula which accounts for the
calculation of the relative amount of heat released in combustion:

dQx � dU � pdV � dQsc � dQdys

pV � MR�T
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The rate at which the relative amount of heat is emitted in
combustion is calculated from the dependence:
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Fig. 3 presents an exemplary diagram x� , xi and xsc as well as x,
which results from the analysis of indicator diagram of the engine
T359 working when: n � 1900min�1, gc � 7.16 � 10�5 kg/cycle,
Me � 460 Nm and injection advance angle �ww � 18 °CA.

7. Conclusions

Owing to the method of analysing the real indicator diagram
for piston self-ignition internal combustion engine put forward in
the paper, it is possible to determine self-ignition delay period and
the characteristics of the relative amount of heat emitted in com-
bustion. Thus it allows us to estimate the amount of fuel burnt on
the basis of kinetic and diffuse mechanism of combustion reac-
tion as well as the duration of these combustion phases in the
engine cylinder. 

�i � �i�1
��

6 �n

The method worked out by the author could be applied to
combustion process identification and also used to control the
process course. 

Fig. 3 Relative amounts of heat emitted in combustion and the rate x� ,
at which heat is emitted in engine T359 [3] working when: 

n � 1900 min�1, gc = 7.16 � 10�5kg/cycle, ppw � 18.5 MPa and 
�ww � 18 (CA ahead of TDC. x – relative amount of emitted heat, 
xi – heat equivalent to indicated work, xsc – heat transferred out of
combustion space walls, respectively. Quantities �ps and ks denote

combustion incipience angle and combustion end angle, respectively.
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