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Biodiesel is one of the promising renewable, alternative, and environmentally 
friendly biofuels that can be used in Diesel engine with little or no modification 
in the engine. The present paper investigates the combustion characteristics of 
single cylinder, naturally aspirated, air cooled, Diesel engine fueled with pure 
(100%) methyl ester of rapeseed oil, comparing to the corresponding character-
istics when it was driven by diesel fuel. Combustion process analysis for both fu-
els was done at constant engine speed and at two load levels corresponding to 
the mean effective pressure of three and six bar. It was also concluded that the 
test engine can operate without problems, both with that fuel and with a lot of 
other biofuels and their mixtures that were used during long laboratory research. 
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Introduction 

A great number of scientific papers that were dealing with the problem of vegetable 
oil methyl esters application for diesel driven engines has shown that the vegetable oil esters 
are renewable source of alternative and ecological bio fuels. Such fuels, usually called bio-
diesel can be used in Diesel engines with minimum, or even without any engine modifications 
[1-6]. Strict law regulations on the engine exhaust emission, exhaustion of fossil fuels and the 
constant political tensions about the oil sources in the world, have forced a lot of countries in 
the world to look for alternatives to fossil fuels. A lot of research, dealing with the vegetable 
oil esters (biodiesel) in Diesel engines has also shown the potential of these fuels for CO2 
emissions reduction [7, 8]. 

The performances of the engine with various bio fuel types of biodiesel and mix-
tures of pure vegetable oils with diesel fuel has also been a lot investigated. A lot of research-
es are based on a comparison of engine output performances such as engine power, specific 
fuel consumption and effective thermal efficiency when working with biodiesel or vegetable 
oils and their blends with performance of engines powered by diesel fuel. A number of re-
searchers has found that the use of biodiesel as fuel leads to increased fuel consumption but 
also to something greater thermal efficiency of the engine compared to those obtained during 
the operation with standard diesel fuel [9-12]. On the other hand the use of various biodiesel 
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in the engine results in a change of performance and exhaust emissions as a consequence of 
their different physical and chemical characteristics [13]. The research of influence of bio-
diesel on the characteristics of the fuel injection system, as well as the characteristics of the 
fuel spray is also carried out [14, 15]. 

In order to improve the output characteristics of the engine and exhaust emissions, 
and to keep the characteristics of diesel fuel operation, it is necessary to study in detail the 
process of combustion and heat release characteristics. Heat release rate (HRR) directly influ-
ences the history of pressure and temperature in the cylinder and consequently the perfor-
mance and emissions of the engine. This means that the research of HRR and combustion 
process is very important regarding the possibilities of their optimization. The aim of this pa-
per is to present the research results of combustion process characteristics in the case of direct 
injection Diesel engine running with pure rape oil methyl ester (RME) including the analysis 
of the dynamics of the combustion process. Also, the comparative study of combustion char-
acteristics with standard diesel fuel and biodiesel has been carried out. 

Experimental set-up 

Test engine and experimental procedure 

The study of combustion process in Diesel engine fueled with standard diesel fuel 
and RME are presented was carried out in the framework of doctoral dissertation [16]. All ex-
periments were carried out in the laboratory of IC engine department, Faculty of Mechanical 
Engineering in Belgrade. In addition to standard engine testing equipment (dynamometer with 
engine torque and speed measuring system, intake air and fuel flow measuring systems, inlet 
air, exhaust gases, engine coolant and oil temperatures measuring system), the engine was 
equipped with the system for in-cylinder pressure recording. This equipment includes pres-
sure transducer Kistler type 7031 mounted directly to combustion chamber, charge amplifier 
Kistler type 5001, angular encoder installed on engine crankshaft type COM1 and data acqui-
sition system ADS 2000 developed in the IC engines department. 

Angular encoder provides angular increment of 1 deg. (360 marks per revolution) 
which is by dint of software divided into five parts, so that the angular resolution of pressure 
sampling rate is 0.2 °CA. Pressure signal was recorded for 100 consecutive cycles and mean 
cycle was evaluated for subsequent analysis. A special attention was drawn to exact determi-
nation of absolute pressure level and pressure trace to crank angle synchronization, since the-
se problems could significantly influence the results of heat release analysis. For this purpose 
the methodology reported in [17] and [18] was applied. More details about testing equipment 
and procedure can be found in [16].  

Figure 1 shows the laboratory installations used in experimental investigation and in 
tab. 1 the basic test engine characteristics are listed. The engine is of the aggregate type and is 

Table 1. Main specifications of test engine 
Engine type Diesel 4 stroke, direct injection, air cooled, single cylinder for aggregate application

Bore/stroke 85/80 mm

Compression ratio 17.5

Max. power output 5 kW/2500 rpm

Fueling system High pressure pump, injector with 4 jets, (4 × 0.28 mm) 
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used to drive irrigation pumps and has a classic fuel injection system. Research of the charac-
teristics of the combustion process was carried out on four load levels that correspond to the 
values of mean effective pressure of 1.5 bar, 3 bar, 4.5 bar, and 6 bar, with the engine speed 
range of 1600 rpm. The paper presents the results of the research into the characteristics of the 
combustion process for two representative operating regimes and the load level corresponding 
to the mean effective pressure of 3 bar and 6 bar. 

 

Fuel properties 

The fuel that is 
used in this research is 
a methyl ester of rape-
seed oil obtained thr-
ough the transesterifi-
cation of vegetable oils 
and meets standard EN 
14214: 2009, and the 
determination of the 
applied fuel was carried out in the laboratory for fuel, Faculty of Mechanical Engineering in 
Belgrade. Table 2 shows the basic characteristics of the fuel used in the research. 

Estimation of HRR from  
recorded cylinder pressure 

The HRR is an important parameter to analyze the combustion phenomena in the 
engine cylinder. The important combustion phenomena parameters such as combustion inten-
sity and duration can be easily estimated from the heat release rate diagram. The HRR dia-
gram also provides key input parameters in the modelling of the NOx emission. The heat re-
lease rate is modelled by applying the first law of thermodynamics. 

The HRR is modelled by applying the first law of thermodynamics. In reality, en-
gine cylinder is an open thermodynamic system, even during high pressure part of the cycle 

Figure 1. Experimental installation  
1 – Diesel engine, 2 – dynamometer  
3 – air flow meter, 4 – air filter,  
5 – compensating volume in intake,  
6 – compensating volume in the 
exhaust, 7 – fuel tank, 8 – fuel 
consumption measuring, 9 – valve,  
10 – display, 11 – exhaust gas 
temperature sensor, 12 – intake air 
temperature sensor, 13 – fuel 
temperature sensor, 14 – U-pipe 
system, 15 – in connection pipe, 
16 – charge amplifier, 17–  acquisition 
system, 18– computer, 19 – angular 
encoder, 20 – injection pressure 
sensor, 21 – injector needle lift sensor, 
22– cylinder pressure sensor,  
23 – intake pipe pressure sensor,  
24– in connection pipe inlet,  
25 – RPM sensor 

Table 2. Test fuel properties 

DIESEL 100 RME 100 

Density [kg l–1] 0.828 0.880 

Lower caloric value [kJ kg–1] 41494 37631 

Kinematic viscosity [mm2 s–1] 3.16 4.59 

Stoichiometric air mass [kg kg–1] 15.08 12.65 

O2/C/H2 content [kg kg–1] 0.0/0.8496/0.1504 0.120/0.772/0.12 
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(when intake and exhaust valves are closed) due to mass flow and loss through crevices be-
tween piston rings and cylinder liner. This is schematically illustrated in fig. 2. 

The basic equation of the first law of thermodynamic applied to an open system is: 
 dQ = dU + pdV (1) 
where dQ is the change of elementary energy entering/leaving the system (except kinetic energy 
which is omitted), dU – the elementary change of cylinder charge internal energy, and pdV – el-
ementary mechanical work delivered to the piston. The derivative dQ consists of the energy re-
leased by fuel combustion dQf, the energy transferred to the walls dQw and energies taken in-
to/out the system by means of the mass flows through the boundaries Σhidmi, where hi and dmi 
are the enthalpies and elementary mass flows, respectively. During high pressure part of the cy-
cle the gas exchange valves are closed and mass flow through crevices, provided that the proper 
cylinder sealing is encountered, is very small and can be neglected. Thus, it can be written: 
 dQ = dQf + dQw (2) 

After simple evaluation: 
 dQf = mdu + pdV + dQw (3) 
where m is the mass and du – the elementary change of specific internal energy of cylinder 
content. 

Pressure diagram recorded by dint of data acquisition system is the series of pressure 
values taken in discrete crank shaft positions. The series of pressure-crank angle data can be 
easily transformed into pressure-volume data. Since modern crank angle encoders enable very 
fine angular increment (∆α), the changes in pressure and volume are small. Therefore, if we 
consider the changes between two recorded points as elementary, the error will be within rea-
sonable limits. 

During the gas state change be-
tween two consecutive points 1 to 2 
(fig. 3), the amount of fuel chemical 
energy ∆Qf is released by fuel combus-
tion. If we neglect the effect of crevice 
flow, this heat is partly transferred to 
the gas ∆Qg and partly transferred to 
the walls ∆Qw. Then, we can write: 

 ∆Qf = ∆Qg + dQw (4) 

The evaluation of ∆Qg and ∆Qw 
can be performed in a simplified way 
that is convenient for engine laboratory testing, and still sufficiently accurate. The real process 
(from point 1 to point 2) can be virtually divided into two steps (fig. 3). First step is isentropic 
expansion from point 1 to 2s, with no heat release. In the second step from point 2s to 2 the 
heat added to gas is being considered at constant volume (V2 = const.). The required parame-
ters for evaluation the isochoric heat ∆Qg can be obtained using the equation of state and the 
equation for isentropic state change. In this way heat release due to combustion that is trans-
ferred to the gas between points 1 and 2 can be calculated by the equation: 

 v 1
g 2 2 1

2

c VQ V p p
R V

κ⎡ ⎤⎛ ⎞⎢ ⎥∆ = − ⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 (5) 

 
Figure 2. Engine cylinder 
as an open thermodynamic 
system 

 
Figure 3. Recorded p-V 
diagram; gas state change 
from point 1 to point 2 



Knežević, D. M., et al.: The Characteristics of Combustion Process of Diesel … 
THERMAL SCIENCE, Year 2015, Vol. 19, No. 6, pp. 2255-2263 2259 

For that, the thermodynamic properties for the gases in engine cylinder are required. 
The approximate expressions for gas constant R and gas specific heat at constant volume cv 
and discussion about their accuracy can be found in [19]. For specific heat at constant volume 
the appropriate expression for lean mixture operation, used for Diesel engine heat release cal-
culation is: 

 ( ) 1 1
v

1692 0.15 17.5 0.1094 [Jkg K ]c T T
λ

− −= + + +  (6) 

where T is the temperature and λ – the air excess ratio. 
Gas constant R can be used as for ideal gas with a very small error [20]. In that case 

a gas constant depends only on gas composition. For Diesel engines, before the start of com-
bustion, pure air has been compressed and gas constant has the value 287 J/kgK. Gas constant 
of combustion products depends on fuel composition and mixture strength. In the case of usu-
al diesel fuels considered the differences due to fuel composition are very small and can be 
neglected. With sufficient accuracy, gas constant of combustion products Rcp can be calculat-
ed using the expression [20, 21]: 

 Rcp = 290.65 – 0.5 λ     J/(kgK) (7) 

The convective heat transfer rate to the combustion chamber walls can be calculated 
from the general relation: 

 w
w w w

d
( )

d i i
i

Q
A T T

t
α= −∑  (8) 

Heat transfer to the walls of the combustion chamber is usually considered separate-
ly for characteristic parts of combustion chamber surface area, since they have significantly 
different temperatures. Heat transfer coefficient is mainly taken as average for the whole 
combustion chamber due to lack of accurate data for different parts. Thus, in eq. (8) αw is the 
heat transfer coefficient (averaged over the chamber surface area), Awi – the parts of combus-
tion chamber surface area, Twi – the mean wall temperatures of appropriate combustion cham-
ber surface area parts, and T – the mean gas temperature. Usually, piston crown, cylinder head 
and cylinder liner are considered as the elements in eq. (8), the last having variable surface 
according to piston motion and variable temperature from the top to the bottom. 

The amount of heat transferred to the walls between two consecutive points 1 and 2 
can be calculated: 

 
w w w w w w w( ) ( )

6i i i i
i i

Q A T T t A T T
n
αα α

⎡ ⎤ ⎡ ⎤ ∆
∆ = − ∆ = −⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
∑ ∑  (9) 

where ∆α is the angular increment and n the engine speed in rpm. 
For the heat transfer coefficient several models are widely used. One of the recent is 

Hohenberg’s expression [22] which is relatively simple and convenient for use: 

 0.06 0.8 0.4 0.8 2 1
w m0.013 ( 1.4) [Wm K ]V p T cα − − − −= +  (10) 

where V is the instantaneous cylinder volume, p and T are the cylinder pressure and tempera-
ture, and cm is the mean piston speed. Alternatively, some other models, for example 
Woschni’s or Annand’s can be used. 
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Research results and discussion 

Engine performance 

Figure 4 shows the output power, torque and specific effective fuel consumption 
during engine operation with both test fuels, with pure rapeseed methyl ester of the rapeseed – 
RME and with the mixtures of these fuels 
with the diesel fuel in the ratio of 50% and 
7%, by volume.  

When the mixture of fuel RME and 
diesel fuel are used, power and torque are 
lower than when we operate with diesel 
fuel, mainly due to lower heat value of 
RME and its mixtures in relation to diesel 
fuel. The largest reduction of engine power 
is when we work with pure rapeseed methyl 
ester and it is about 2.5% at rated speed. On 
the engine speed of 1600 rpm at which the 
characteristics of the combustion process 
were studied, that power reduction is about 
8% for RME fuel comparing to diesel fuel. 
Somewhat bigger decrease in power at low-
er engine speeds, is probably the result of 
poorer formation of the mixture when 
working with RME and their mixtures, par-
ticularly due to lower volatility of the heav-
ier fractions at lower engine speeds, more 
compact jet and larger diameter of the drop-
lets in the stream. This leads to poor utiliza-
tion of the of the fuel energy potential. 

Specific fuel consumption is higher for RME comparing to diesel fuel, and it is in-
creasing with the increase of RME share in the mixture. The difference in consumption between 
rapeseed methyl ester and its mixtures, and diesel fuel, is mainly due to its higher viscosity, 
lower heat value and higher density comparing to diesel fuel. The difference in consumption 
when using pure RME varies from 14% to 16% comparing to the diesel consumption, which is 
especially prominent at lower engine speeds. 

Analysis of the combustion characteristics 

Figures 5 to 10 show the features of the combustion process of pure rapeseed methyl 
ester MER and their comparison to the same characteristics of the referent of diesel fuel com-
bustion.  

Figures 5 and 8 show the results of pressure diagram analysis using described meth-
od for one of recorded engine operating conditions using diesel fuel: the rate of heat release 
dQf/dα, cumulative heat released Qf, and the mean gas temperature T. The mean gas tempera-
ture is calculated using the equation of state for ideal gases. Figure 6 and 9 shows the same 
data in the case of engine operation with pure RME. In both cases engine speed and load were 
the same, 1600 rpm and mean effective pressure pe = 6 bar and pe = 3 bar, respectively.  

 
Figure 4. Variation of engine power, torque  
and specific fuel consumption with respect  
to engine speed 
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Figure 5. Recorded pressure, p, injector needle 
lift, hn, rate of heat release, dQ/dα, cumulative  
heat released, Q, and mean gas temperature, T;  
fuel standard diesel 

Figure 6. Recorded pressure, p, injector needle 
lift, hn, rate of heat release, dQ/dα, cumulative 
heat released, Q, and mean gas temperature, T; 
fuel pure RME 

Figure 7. The comparison of combustion 
dynamics of standard diesel (full line) and pure 
RME (dashed lines); hn – the needle lift, dQ/dα – 
the rate of heat release, Q – the cumulative heat 
released, pe = 6 bar, n = 1600 rpm 

Figure 8. Recorded pressure, p, injector needle 
lift, hn, rate of heat release, dQ/dα, cumulative 
heat released, Q, and mean gas temperature, T; 
fuel standard diesel 

The heat release laws have a similar shape with the both fuels. Also, it can be no-
ticed that for both fuels the HRR has the form that is typical for Diesel engines with direct in-
jection. High peak in the phase of premixed combustion, which reaches app. 75 J per degree 
at higher load and app. 60 J per degree at lower load, is pursued by relatively low intensity 
and lengthy combustion in diffusion phase. The duration of premixed phase is app. 5-6 °CA 
while total combustion duration is about 60-70 °CA. 

It is interesting to compare combustion dynamics of standard diesel fuel and pure 
RME. This is shown in figs. 7 and 10. At higher engine load dynamic injection timing of 
RME is app. 0.5 °CA earlier (injector needle lift starts 0.5 °CA earlier), while the start of 
combustion is app. 1.5 °CA earlier, compared with diesel fuel. Ignition delay periods for 
RME and diesel fuel are app. 6.5 °CA and 7.5 °CA, respectively, i. e. RME has app. 1 °CA 
shorter ignition delay period. 

At lower engine load the difference is even higher. The curves for needle lift hn are 
nearly coincident for both fuels, i. e. dynamic injection timing is almost the same, while com-
bustion of RME commences app. 1.5 °CA earlier, i. e. ignition delay period is 1.5 °CA 
shorter. Ignition delay periods for RME and diesel fuel are app. 7.5 °CA and 9 °CA, respec-
tively. Taking into account that engine speed is 1600 rpm, the duration of ignition delay is 
0.78 ms for RME, and app. 0.93 ms for diesel fuel. 
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Figure 9. Recorded pressure, p, injector needle  
lift, hn, rate of heat release, dQ/dα, cumulative  
heat released, Q, and mean gas temperature, T;  
fuel pure RME 

 
Figure 10. The comparison of combustion 
dynamics of standard diesel (full line) and pure 
RME (dashed lines); hn – the needle lift, dQ/dα –  
– the rate of heat release, Q – the cumulative heat 
released, pe = 3 bar, n = 1600 rpm 

As can be seen, ignition delay period for both fuels is shorter at higher engine load. 
This is because of the fact that the temperature of elements that form the engine working area 
increases with the increase of engine load. This leads to higher temperatures of the inlet 
charge, and therefore higher temperatures at the end of compression i. e. at the time of injec-
tion. Also, at both considered engine loads RME has shorter ignition delay period, although 
the difference decreases with engine load increasing. 

Shorter ignition delay means higher cetane number of RME with a positive effect on 
premixed combustion yielding lower peak of the HRR in premixed phase of combustion 
thereafter. However, after premixed phase, in diffusion phase of combustion RME burns 
slower and combustion is finished a few degrees later than in the case of diesel fuel. This is 
despite of the fact that RME contains a considerable amount of oxygen, which in principle 
should accelerate combustion. The reason is probably slower process of mixture formation 
due to poorer atomisation of the fuel spray caused by higher density and viscosity of RME. 

Conclusions 

In this paper, the results of the experimental research of the combustion process with 
direct-injected Diesel engines were presented. The comparison of the pressure trace and the 
mean temperature of the process was made, as well as the HRR during the operation with pure 
methyl ester of rapeseed oil RME and diesel fuel. Maximum pressure values and the mean 
temperature of the process are slightly lower while operating with RME in comparison to the 
operation with diesel fuel. Combustion is finished a few degrees later than in the case of die-
sel fuel. 

The comparison of combustion for standard mineral diesel fuel and RME provides 
very useful information of combustion dynamics for both fuels. It clearly shows that RME has 
shorter ignition delay period with a positive effect on premixed combustion yielding lower 
peak of the rate of heat release. However, after premixed phase, in diffusion phase of combus-
tion RME burns slower and combustion  is finished a few degrees later than in the case of die-
sel fuel. 
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