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Alternative propulsion fuels for diesel engines were highlights for a variety
of research activities within a large number of R&D labs in the world.
Curiosity, as well as basic interest in alternative fuel has been immense
because of its reproducibility, renewability, as well as good ecological
characteristics. Another reason for this interest is a favorable impact on
the economies of the countries engaged in their production, by processing
that kind of bio fuel. This paper presents the results of testing and research
of the three types of alternative fuel gained from bio oil. Analyses and
comparison of the dynamics of combustion process of these alternative
fuels were done in relation to the reference diesel fuel. Burning process of
methyl esters rapeseed (RME100), soya oil (SME100), waste cooking palm
oil (PME100), as well as of regular euro diesel fuel were investigated. It
was found that these fuels were highly usable in diesel engines if they had
been produced according to a proper standard procedure under standard
EN 14214. The application of bio fuel is also very interesting for the
propulsion of agricultural engines and machinery, because it enables the
individual farming of bio fuel products necessary for the appropriate own
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machinery.
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1. INTRODUCTION

Diesel engines today represent one of the most
important sources of mechanical energy for powering
and propulsion of various machines and devices in the
modern world. The first high-energy air self-propelled
ignition engine was first introduced in patent application
[1], by engine constructor Rudolph Diesel, who
considered that in the future vegetables oils will prevail
and will have same influence as diesel mineral fuel for
which he had constructed and promoted patent activity
for, i.e. diesel engine, [2]. After more than one hundred
years later, in modern times, all over the world, a huge
research in the large field of production and usage of bio
fuel on existing diesel engines is done. When diesel
engines are concerned, biodiesel fuel (BD), produced
from various derivates from bio or animal origin, and
from various wasted eatable cooking oils .can be used
in the engines that work on the principle of diesel
thermodynamical cycle [1]. This paperwork has
presentation of universal testing process of fuel
combustion of different biodiesel sorts due to following
dynamic process of combustion in diesel engine which
also shows that certain biodiesel fuels produced under
standard EN14214 are examples of good quality fuels,
and that their use has no side effects to the engine. The
same was concluded in scientific articles [3,4,5,6]. On
the other hand,Yuksek et al. in [7] showed that bio
diesel fuel produced from rapeseed bio-oil decreases
abrasion wear in comparison with conventional engine
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fueled on diesel, but often there is a slight degradation
of engine oil viscosity which requires more frequent
engine oil change.

When it comes to the quality and dynamics of the
combustion process of soybean, rapeseed and palm oil
methyl esters, compared to diesel fuel, it can be
estimated that they are quite similar, which classifies
these fuels as very high quality and suitable for diesel
engine operation. The same is stated in the paper works
[8,10,11,12], but in [9] had been noted slightly larger
differences in the rate of heat release when working
with pure rapeseed oil. Combustion process
investigations were also conducted with the fuels
produced from non-edible biodiesels, namely waste
cooking oil and exotic macadamia oil [13] and these
fuels have been shown to make little difference in
engine performance and operational performances
compared to diesel propulsion. Engine operation with
used fish oil is also possible [14] in different oil ratios.

Research of this type allows a better view of changes
in the engine workflow of biofuels. This allows further
optimization of the workflow in terms of as close
performance characteristics as diesel fuel and
optimizing diesel engine exhaust emissions. The Heat
release rate - HRR is of direct influence on pressure and
temperature in cylinder of engine and thus on
performance and therefore exhaust emission.

For this reason, HRR research is very important in
terms of optimizing the above-mentioned parameters as
well as the engine propelled on biodiesel. Goal of this
paperwork is to present results of research process of
combustion during testing various biodiesel fuels, and
diesel engine with direct injection of biodiesel fuels.

The thing that, namely, could be a problem with
wider biodiesel consumption for fuel production is the
quantity of plants for such purposes: it should not be
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allowed for the plants used for engine fuels to be
cultivated in the same fields as the edible ones. Also,
wider production of bio fuels can lead to an increase in
the price of food in the world market, a trend that has
already been observed. On the other hand, there are
plants that provide inedible oils and at the same time do
not require high quality land, which makes it possible to
use such land successfully. One example is the
cultivation of algae to produce primary energy for
engine propulsion [15]. On the other hand, the great
benefit of using biofuels in internal combustion engines
is a significantly lower global emission of CO, [16,17]
in comparison to the conventional ones.

2. EXPERIMENTAL SETUP

The investigations of the combustion process cha-
racteristics presented in this paper were performed on a
single-cylinder diesel engine with direct injection of
domestic production LDA450. The engine is manu-
factured for the needs of agricultural machinery, small
boats, irrigation pumps and power generators.

The engine has very robust construction so that it
was suitable for reconstruction into a research engine
for the purposes of concrete testing. Table 1 shows the
technical characteristics of this engine and Figure 1
shows the scheme of the test installation as well as the
engine image with the positions of the main sensors
used in the measurements, figure 2.

Table 1. Technical specifications of test engine

Engine Type DMB - LDA450
Engine specification 4-stroke, air-cooled, diesel
Aspiration Superzlgﬁlg)féis;l;rOOTS
Bore x stroke (mm) 85x 80
Number of cylinders 1
Cylinder volume (cm®) 454
Compression ratio 17.5:1
Speed range min-max (rpm) 1000 - 3000
Fuel injection pressure (bar) 185
Rated power DIN 70020 73
(kW)

Testing was done on The FA50 / 30 SL type electric
dyno, Borghy & Saveri, Italy, for measurement engine
performance. All studies were performed at a
nominative load ratio 1600 rpm, with load levels
varying from 25%, 50%, 75%, and 100% of described
rpm, Table 2.

The specified engine speed was selected because of
the extremely stable engine operation in this mode.

Table 2. Engine test conditions

Speed (rpm) 1600
Load (%) 25,50, 75 and 100
Lubricating oil temperature (°C) 85
Ambient temperature (°C) 22
Stabilizat'ion time fqr nominjative 15
revolutions per minute (min)
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All the measurements were repeated three times and
the gain values for the three measurements were
adopted, repeatedly.

Further, the Kistler type 7031 of piezoelectric
pressure transducer had usage for a 7507 water-cooled
housing that was used for monitoring the pressure in the
engine cylinder. This pressure transducer was integrated
with a Kistler type 5001 charging amplifier of the range
1-100 kpC/V and with a linearity of +/- 0.05.

The crankshaft angle encoder was optical COM1
Austria type with an angular split of 360 slots on a
rotating disc. During cylinder pressure measurement
crank angle signal was divided by software,so that the
acquisition was performend with the resolution of 0.2
crank angle degrees. Fuel injection pressure was
measured with an AVL type 7ZP65 piezoelectric
pressure transducer that was mounted at the end of the
high-pressure pipe to the injector. Air flow was
measured with a laminar flowmeter CUSSONS P7-201
of the range 0-100 1/ s.
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1- test engine, 2- electrical dynamometer, 3- fuel tank, 4-
flowmeter, 5- amplifier of signal, 6- measuring-acquisition
system, 7- computer, 8- volume compensator intake, 9-Roots
compressor, 10-air flowmeter, 11-electric motor, 12-exhaust
system

b

Figure 1. Schematic of test bench

1-Intake manifold pressure transducer, 2- Injection pressure
transducer, 3- Injector needle stroke sensor, 4- Injector, 5-
Cylinder pressure transducer, 6- U-tube connection, 7- Intake
charge temperature encoder, 8- Temperature sensor engine
heads

Figure 2. Sensor positions on the engine
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Continuous measurement for several characteristic
values (parameters) of the engine workflow was
performed by using the ADS2000 metering system.

Fuels used in the survey were manufactured
according to EN14214 and the reference diesel is
according to EN590 Euro diese standard. Research
results for pure 100% fuels are presented using the fuel
labels: (D100) reference diesel, palm oil methyl ester
(PME100), soybean oil methyl ester (SME100) and
rapeseed oil methyl ester (RME100), Table 3. These
labels will also be used in the survey results diagrams.
as well as in the discussion of the results obtained.

Table 3 Specifications of testing fuel

D100 | PME100 | RME100 | SME100

Density(kg/l) 0.828 0.881 0.880 0.885

Net calorific

value H, (kJ/kg) 41494 | 35626.5 | 37631 37251

Kinematic
viscosity 3,16 4,6 4,59 43
(mm?/s)

Air-fuelratioLo |15 ge3 | 15960 | 12,655 | 12475

(kg/kg)
Temperatures of
ignition (°C) 55[203] | 183 [203]| 80 [203] | 178 [203]
02 (kg/kg) 0 0.1210 | 0.1200 | 0.1145

C (kg/kg) 0.8496 | 0.7670 | 0.7720 | 0.7688

H2 (kg/kg) 0.1504 0.1120 0.1200 0.1167

Table 3 shows the main characteristics of the fuels
used for testing the engine during the survey.

2.1 Heat Release Rate - HRR

The dynamics of the combustion process of the tested
fuels had important role, because the key parameters of
the engine workflow could be estimated on the basis of
these dynamics. This primarily refers to the speed
(intensity) of combustion and the duration of certain
stages of the combustion process. The dynamics of the
combustion process presented via HRR (Heat Release
Rate) is also a key parameter in modeling engine
exhaust emissions.

By general determination of heat release rate (HRR),
Cylinder volume (proper volume V=V;+V.) was con-
sidered to be open thermodynamical system. The total
elementary process energy dQ consisted of dQ; energy
developed by releasing internal chemical energy in
combustion process, and energy (heat) lost by open
boundaries of the thermodynamical system, i.e. from the
cylinder walls, i.e.walls of work space dQw, and energy
in enthalpy that is lost due to the flow of working gas
through the cracks and gaps in the engine working space,
primarily between the piston and the cylinder liner.

This can be written:

dQ = de - de + dminhin - dmexhex - dmeelheel (1)

Here are next parameters:

dQ - an elementary change in the total energy input
to the engine cylinder,

dQy - an elemental amount of energy released in the
process of combusting a cycle amount of fuel,
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dmg.h., - an elemental enthalpy of gas passing through
the engine exhaust valve,

dm;,h;, - an elemental enthalpy of gas passing through
the engine intake valve,

dmeehey - an elemental enthalpy of gas leaking
through unsealed places in the engine cylinder (mainly
through piston-cylinder gap),

dQ,, - an elemental amount of energy (heat) delivered
to the walls of the workspace by convection and
radiation.

Further analysis of this model would lead to
complicated systems of differential equations, so that
we considered somewhat simplified model of heat
release rate calculation proposed in [19] and [20].

If we consider the high pressure part of the working
cycle (intake and exhaut valves are closed), the
simplified method is based on observing the increase in
the amount of heat delivered to the gas (positive or
negative) between two adjacent discrete points on the
pressure line , which we will denote by AQ, Figure 3 If
that amount of heat is added to the amount of heat
handed over to the walls of the workspace; AQw sum
represents the total amount of heat released by the
combustion of fuel at a given interval, i.e. AQy. In doing
so, the amount of energy lost through leakage through
unsealed places was neglected, and it is negligible
when properly sealed.

Therefore, equation stands for heat realization:

AQ; =AQ+AQ, v ©)

Where:

AQ; — is the part of the heat released by
combustion of fuel between points 1 and 2,

AQ - the portion of heat that is delivered to the
working gas between points 1 and 2,

AQ,, - the portion of heat that is transferred to the
walls of the workspace between points 1 and 2.

2

ﬂz.

z

p, [bar]

Aa
SMTV] V2 i [UKV]

Figure 3. Cylinder pressure diagram and the change in the
state of gas between points 1 and 2

The fraction of heat transferred to the working gas in
the interval between the observed points 1 and 2,
increasing its energy potential, AQ, it can be virtually
considered as taking place in two steps, as shown in
Figure 3. The first step is adiabatic, isentropic
compression (or expansion) 1-2 'from volume V; to V,
without heat transfer to gas. The second step is the
isochoric heating of the working gas between points 2'-2
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The required thermodynamic gas parameters during
these two thermodynamic changes can be obtained from
the ideal gas equation for the points 1 and 2:

p.V, =mRT, 3)

From the equation of ideal gas, we should have the
following:

V;
Py =p (71)" s K=C/C, ) (4)

p)
2141 1214}
=1, =£272 5
1=° > =7 o ©)
,_DV ph !
= = (6)
mR mR

and with these values T, and T, :

AQ = AQ} = me, (T, ~T;) =V, (p. = p) ()

The above equation shows the heat gain between
points 2 and 2 'so that finally after the shift, the amount
of heat released in the combustion process and
transferred to gas from point 1 to point 2 is obtained as:

20=1lpy - py (%)"] ®)

In [20] it is shown that the error due to the applied
approximation (virtual heat transfer to gas in two steps)
is very small (less than 0.15%) in the case of fine
angular increment of cylinder pressure acquisition.

The application of the above equation requires
knowledge of the thermodynamic parameters of the gas
in the combustion chamber. In the paper [20] several
approaches were presented that can be wused to
determine the thermodynamic parameters of a gas in a
diesel engine cylinder as well as their influence on the
accuracy of the determination of the heat release law.

2.2. Part of the heat transmitted to the walls of the
workspace

The engine working space is surrounded by the piston
head, the valve head with valve mushrooms and the
cylinder liner wall. These elements have different
temperatures and, in addition, the flow conditions in
their surroundings are not the same, so the heat transfer
coefficient on these elements may have different values.
In practice, however, it is most often calculated with the
same value of the heat transfer coefficient and different
surface temperatures of these elements.
This can be written:

do 3
— = A (T -T. 9
da W; Wl( g Wi) ()

The contact surface between the gas, on one hand,
and the piston head and the cylinder head, on the other,
do not change regardless of the perpendicular
oscillatory motion of the piston in the cylinder, while
the cylinder liner surface changes constantly depending
on the position of the piston. In addition, the cylinder
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liner temperature is much higher at the top than at the
bottom.

If, as in the case of heat transfer to the working gas,
the amount of heat exchanged with the walls of the
workspace between the observed discrete points 1 and 2
is observed, AQ,, wherein an interval of time A¢, it could
be written:

3
AQ, =[a, > Ayi(Ty =T, )] At (10)
i=1

that is, if the parameters are monitored as a function of
the crankshaft angle Aa, it follows:

3 Aa
AQy =l 3 Ayi (Tg =Ty )~ (11)
i=l
where :
Ao = 6nAt - angular increment from point 1 to
point 2,

n - revolutions per minute (1/min)
It has been said earlier that the coefficient of heat
transfer ¢, a very sensitive parametre for defining it

accurately, and that there are many ways of defining it,
as a result of research by a large number of authors, but
who do not yet have a universal character. The relation
proposed by Hoenberg was used in this paper [21]:

a, = 0,013 v, —0.06p20,8TZ —0,4(Cm +1,4) 0,8 (12)

where:

V. - is the current workspace volume

p- - pressure and gas temperature in the engine
cylinder,

¢, = % (m/s) - mean piston speed;

S(m) - piston stroke; n (1/min) - rev. per minute.

Other well-known heat transfer coefficient models
are incorporated into the heat release flow calculation
program based on the exposed model can be used
alternatively for example Woschni and Annand relations
[22]. It must be said, however, that the calculated heat
exchange between the gas and the walls of the
workspace is still more an estimate than a reliable result
in absolute terms. First, whatever model for the heat
transfer coefficient is used, it is based on a limited
amount of experimental data and can hardly be
universal to all engine categories. Second, the exact
temperatures of the walls of the workspace are
unknown. Measuring them directly is a very demanding
and complicated work, difficult to accomplish with
conventional engine testing. These temperatures are
usually estimated on the basis of literature data, but such
estimates are quite unreliable on a case-by-case basis
because the literature data generally refer to maximum
values for certain engine categories, and wall
temperatures change with the change of engine load.

In this paper, the values of workspace wall
temperatures that had previously been estimated based
on the procedure of identifying the parameters of a
mathematical model of the workflow for the same
engine were used [23]. For these reasons, the calculated
heat transfer from the gas to the walls of the workspace
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is often corrected to obtain a logical result, e.g. a fine
correlation good match between the calculated heat
released at the end of the combustion process and the
chemical energy of the fuel introduced into the engine
by the cycle amount of fuel.

3. RESULTS OF THE RESEARCH

3.1 Investigation of the biodiesel combustion
process in a direct injection diesel engine

The diesel combustion process is one of the basic pro-
cesses that determine the quality of the entire duty cycle
and the engine as a whole. Full knowledge of the phy-
sicochemical mechanism of this process is very
complex because the combustion process is rather chao-
tic, very sensitive, even to relatively small variations of
certain influencing factors. In addition, in the com-
bustion chamber there is a diversity of physical state of
the individual fuel particles, the degree of oxygen
concentration as well as the temperature level in certain
parts of the chamber. At the same time, the familiarity
with the combustion process mechanism, gives the
ability to control this process in the optimal direction.

The standard diesel fuel is Euro diesel (D100) fuel
and the engines are tuned to optimally operate with this
fuel. However, taking into account the fact that motor
fuel can be obtained from several plants, it is of interest
to study the characteristics and dynamics of the
combustion process of these biofuels. In the EU, for the
most practical reasons, rapeseed oil in the form of
rapeseed methyl ester is used as biofuel for diesel
engines-RME (C,;H;3,CO,CH;), which must have the
characteristics required by EN14214.

This methyl ester is a RME type biodiesel fuel and
the results of combustion research of this fuel as the
most prevalent in diesel engine will be discussed below,
as well as the results of palm oil - PME and soybean -
SME combustion research.

3.2. Gas pressure in cylinder
3.2.1 Gas pressure in cylinder for Pure Biofuels

For the sake of better clarification of the effect of
selected biofuels on the combustion process , the
pressure in the engine cylinder was indicated. The
pressure in the cylinder — p, was measured using a
pressure transducer and a crankshaft angle encoder. As
it is already said the p,. signal was detected at 0.2 CA
and an average value of 20 cycles was used to analyze
and calculate the heat release rate (HRR) and calculate
and analyze the combustion process parameters.

Figures 4, 5, 6 and 7 show the indicated gas pressure
diagram in the engine cylinder for various fuels at
100%, 75%, 50% and 25% load, with the corresponding
fuels. As noted, pure (100%) fatty acid methyl esters of
rapeseed oil, soybean oil and waste edible palm oil were
used as fuels. The standard euro diesel labeled D100
was used as the reference fuel.

From the attached diagrams the maximum pressure
values in the cylinder are higher when working with
biodiesel than the corresponding maximum pressure
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value achieved when working with diesel fuel. Also, as
the load level increases, the maximum pressure in the
cylinder rises, as expected. At all operating modes, the
maximum pressure of the gas in the cylinder is always
at RME100, with the maximum pressure at the highest
load level being 101.6 Bar, which is 4.41% more than
when operating with diesel fuel.

oiFigure 4. In-cylinder gas pressure of the engine when
working with clean fuels at 100 % of engine load

Motor: LDA450, 1600 o/min, NP, B100, OP75
110

——D100

100+ ——PME100
90+ =P SME100
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—. 80
@
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Figure 5. In-cylinder gas pressure of the engine when

working with clean fuels at 75 % of engine load

Motor: LDA450, 1600 o/min, NP, B100, OP50
110
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Figure 6. In-cylinder gas pressure of the engine when
working with pure fuels at 50 % of engine load

During low engine load, the diversity of pressure
values with propulsion on RME 100 had certain
diversification and it is described in next sentence: at
75% load pressure value is 94.7 bar, on engine 50%
load it was 89.2bar and at 25% engine load had value of
89.2bar. This is 4.42%, 5.06% and 4.35% selectively
more effective in comparison with conventional diesel
fuel, respectively.

By sustainable derivation with examinations on max
pressure values it can be seen that on nominative engine
loads the following pressure diversification of max pre-
ssure was conserved: the highest max is always for
RME100, it is followed by PME100 and finally, by
SME100. Under the exampled testing working conditions,
for PME100 max value of pressure was higher for
1.44%,3.41% and 3.06% and 2.49% respectively from the
highest engine load to the lowest engine load. Speaking
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about methyl ester form soya oil SME100 it can be noticed
that max cylinder pressure peak with this fuel is around the
maximum with diesel fuel but still with diversifications on
the level of max pressure, except on the lowest load level
of 25% where the difference was larger.

Motor: LDA450, 1600 o/min, NP, B100, OP25

110
—D100

1004 —— PME100

90 SME100
-p ——RME100

p, [bar]

o+
330 340 350 360 370 380 390 400 410 420
a [KKV]

Figure 7. In-cylinder gas pressure of the engine when
working with pure fuels at 25 % of engine load

The diagram of maximum cycle pressure values for
all tested fuels and all operating modes is shown in
Figure 8. At the highest load level, the maximum cycle
pressure is about 100 bar for all the fuels used. This is a
significantly higher-pressure value than the one
commonly encountered with this type of engine and it
is a consequence of the application of the supercharging
procedure, as noted earlier. At lower load levels, the
pressure values are lower and at the lowest load level of
25% these pressures are about 80 bar.

Regarding the position of the cylinder pressure
maximum relative to the Top Dead Centre (TDC), it can
be seen from the diagram that the maximum pressure is
reached earlier when working with bio fuels than when
working with diesel.

The reason for the earlier achievement of maximum
cylinder pressure values when working with the methyl
esters of these vegetable oils is twofold.

First, the latent combustion periods are shorter for
methyl esters than for diesel, and secondly, the injection
of these biofuels begins earlier than the injection of
diesel, due to their increased density, kinematic visco-
sity, and higher modulus of elasticity of these fuels.

Motor:LDA450, 1600 o/min, NP, B100
140

1 ZA D100
1204 =X PME100
XXX SME100
E=RME100
100
NN N
— 80 N N
5 %
8 ]
g 60
[oR
404
20 4
0 . . .
100% 75% 50% 25%

Nivo optere¢enja motora

Figure 8. Histogram of maximum pressure value in engine
cylinder when operating with pure fuels pure fuels
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The change in pressure in the engine cylinder during
combustion depends almost exclusively on the heat release
rate rate Flow heat release rate during combustion, and the
heat heat release rate, depends on many factors, the most
influential being the physic chemical characteristics of the
fuel and the flow of injection. In addition, the rate of heat
release had been greatly influenced by the design of the
combustion system, i.e. the geometry of the combustion
chamber, as well as the characteristics of the current image
in the engine cylinder just before the start of combustion
and during the combustion itself.

3.3. Heat Release Rate - HRR
3.3.1 Differential law of heat release for pure biofuels

Figures 9. to 12. show the heat release laws for pure
B100 biofuels and for all four operating modes. It can
be observed that due to the evaporation of the fuel
injected during the ignition delay period, there is
initially a negative part of the function of the law of heat
release. This negative part occurs due to the heat of
evaporation of the fuel droplets from the jet during
mixing with hot air, so that this process substantially
lowers the pressure and temperature in the cylinder. On
the other hand, the part of negative heat release is due to
gas loss through crevices between piston and cylinder
liner (sealing with piston rings). Therefore, by the size
of this negative part of the diagram, the condition of the
piston-cylinder assembly of the given engine can be
quite accurately evaluated, given that this negative part
of the diagram essentially gives information about the
energy losses in the cylinder.

Motor: LDA450, 1600 o/min, NP, B100, OP100%
60

——D100
50 ——PME100
SME100

——RME100

dQ/do: [JIKV]

T T T T T T T T T T T T
350 355 360 365 370 375 380 385 390 395 400 405 410 415
a [’KV]

Figure 9. Heat Release Rate for biofuels and diesel fuel for
100 % load level

Motor: LDA450, 1600 o/min, NP, B100, OP75%
60

50 4 ——D100

——PME100
SME100

40 0 ——RME100

dQ/da [J°KV]

304

204

350 355 360 365 370 375 380 385 390 395 400 405 410 415
a [KV]

Figure 10. Heat Release Rate for biofuels and diesel fuel
for 75 % load level
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Motor: LDA450, 1600 o/min, NP, B100, OP50%
60

——D100
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SME100
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30

20
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« [°KV]

Figure 11. Heat Release Rate for biofuels and diesel fuel
for 50 % load level

If there is no large gas leakage through the crevices
between piston and cylinder liner. If which means that
the piston-cylinder assembly is in good condition, this
negative part of the diagram is small and applies only to
the evaporation of the fuel from the jet. In this case, it
can be noted that the piston-cylinder assembly of the
engine used in the research was in good condition.

Upon initiation of the combustion process, which
was previously defined as the intersection point of the
dQ/da diagram and the abscissa, a very turbulent
combustion occurs with a large gradient of increase in
the rate of heat release. The diagram shows that both
diesel and biodiesel burn very quickly at this stage.
After this phase i.e. the period of unregulated com-
bustion (or premixed combustion phase), the process
continues with a purely diffuse character. This second
part of the combustion process is much more soothing
and it is called the period of regulated combustion.

Motor: LDA450, 1600 o/min, NP, B100, OP25%
60

—D100
50 ——PME100

SME100
——RME100
40 -

dQ/da. [JPKV]

304

204

LIS DL L LA LA R LA B B L B B
350 355 360 365 370 375 380 385 390 395 400 405 410 415
a [KV]

Figure 12. Heat Release Rate for biofuels and diesel fuel for
25 % load level

The speed of this part of the process is mainly
defined by the rate of formation of the mixture and the
main feature of this diffuse combustion is the gradual
release of heat till the completion of the entire
combustion process.

If you look at Figures 8 to 11, it can be observed that
the combustion process always starts earlier when
working with RME100, PME100 and SME100
biodiesel than with diesel. When it comes to the value
of the maximum heat release stream, it is observed that
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for all the fuels used, these maximums are increasing as
the load level decreases.

In addition, the maximum heat release rates for
biofuels are moving beyond Top Dead Center (TDC),
i.e. they are being reached earlier comparing to the rates
for diesel fuel. When it comes to the order of the
position of the maximum of this law, the maximum for
PMEI100 is always reached at the earliest, followed by
the maximum for SME100 and finally for RME100. Of
course, the maximum heat release rate is last reached
when operating with the D100 reference diesel. At the
highest load level, all dQ/do maxima are lower for
biodiesel than for diesel. At a load level of 75%, the
maximum heat release rates for RME100 and D100 are
practically the same. If the load level goes down, then
the maximum level with RME100 exceeds the one
achieved when working with the D100. This difference
is expressed to the most at the lowest load level of 25%.
For the remaining two fuels, the maximum dQ/da is
always lower than the maximum with diesel.

The fact that is particularly interesting as well as
evident from the diagram is that PME100 biodiesel
burns extremely diffusely with a large proportion of the
third and fourth combustion phases, that is, the diffuse
combustion phases, here treated as unique and referred
to as pure diffuse combustion.

3.3.2 Normalized cumulative heat release for pure
biofuels

Figures 13 to 15 show the cumulative or integral heat
release for all B100 fuels compared to diesel when
operating at different engine loads. These diagrams reaf-
firm the earlier onset of combustion for biodiesel in
comparison to diesel. It can be noted that the overall
combustion characteristics for these biofuels are like
those obtained with diesel fuel. Using the cumulative or
integral heat release, it is possible to estimate the way
the combustion fuel content changes during the com-
bustion process, that is, the combustion for different
fuels from the beginning to the end of the combustion
cycle. The negative part at the beginning of the heat
release stream shows that most of the evaporative
energy is consumed at RME100, after that at PME100,
only then at SME100, and at the least at D100.

Although combustion starts earlier for bio fuels than
for diesel, the overall duration of combustion is longer
for bio fuels (biodiesel), that is, biodiesel burns more
slowly — in a more elongated way, looking at the whole
combustion process from the beginning to the end. The
difference in combustion dynamics between the diesel
and the biofuels under investigation is greater at lower
loads, whereas with the increase of the load this
difference is gradually reducing to become minimal at
full load.

In the beginning of combustion, biodiesel burns
faster up to about 354 CA and the diesel burns slower;
however, later diesel burns faster and this goes up to
about 415 CA when combustion is completed.

The D100 burns fastest because it forms the mixture
with the air fastest for it has the lowest density and
viscosity. Furthermore, this fact is the reason why the
average Saunter droplets diameter is the smallest when
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injecting diesel and the diesel is the fastest to find
oxygen from the combustion air available. We also have
to bear in mind that the final outcome of all the para-
meters related to higher kinematic viscosity of biofuels
significantly affect the fuel spray, droplet size distri-
bution, droplet evaporation rate and spray atomization
process.

Motor: LDA450, 1600 o/min, NP, B100, OP100

X[ 081

——D100
—— PME100

SME100
——RME100

T T T T T T T T T T T T T T T
340 350 360 370 380 390 400 410
a [’KV]
Figure 13. Normalized cumulative heat release at 100% load

Motor: LDA450, 1600 o/min, NP, B100, OP75

—D100

X[ogd ——PME100
’ SME100
05 ——RME100

T T T T T T T T T T T T T T T
340 350 360 370 380 390 400 410
o [°KV]
Figure 14. Normalized cumulative heat release at 75% load

Motor: LDA450, 1600 o/min, NP, B100, OP50

X [-] %%
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340 350 360 370 380 390 400 410
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Figure 15. Normalized cumulative heat release at 50% load

It can also be concluded that the differences in heat
release dynamics at a later stage of the process go
according to the order of D100, SME100, PME100 and
RME100, respectively. From this it can be concluded
that it burns the RME100 fuel burns longest and PME-
100 is close to it.
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4. CONCLUSION

Studies of the combustion process conducted on the
given diesel engine and with the above mentioned
biofuels presented in this paper show the following:

- The diesel engine can run smoothly, powered by pure
methyl esters of the appropriate vegetable oils.

- There are no problems with the engine operation or
the formation of deposits on vital parts of the engine,
which was confirmed by multiple dismantling of the
engine during the experimental study. All the facts
stated above are true provided that the fuel is manu-
factured in accordance with EN14214 standard.

- The dynamics of the combustion process expressed
through the heat release rate is similar to the one the
engine has when it is driven by diesel fuel.

- Differences observed in the relevant diagrams are
common because of the physico-chemical differences of
the fuels themselves.

- An important conclusion can be drawn from the
research that biofuels produced from vegetable oils are
excellent fuels for diesel engines.

The use of vegetable oils as fuel for diesel engine
propulsion can be very interesting regarding the fact
that they are renewable raw materials. It should be noted
that alternative fuels are not fully CO, neutral but can
have considerable potential in developing the country's
economy. Should also be noted that this type of fuel can
be very interesting for farmers who can produce fuel for
their own mechanization in considerable quantities.
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Rakovica
NOMENCLATURE
TDC Top Dead Center
HRR Heat Release Rate
D100 Euro Diesel
SMO100 Soybean Methyl Ester
PMO100 Palm Oil Waste Methyl Ester
RME 100 Rapeseed Oil Methyl Ester
EN14214 Standard for production bio diesel oil
fuel
0 an elementary change in the total

energy input to the engine cylinder,

an elemental amount of energy released
dOr in the process of combusting a cycle
amount of fuel,

an elemental enthalpy of gas passing

dmedres through the engine exhaust valve,
dm an elemental enthalpy of gas passing
e through the engine intake valve,
dmh an elemental enthalpy of gas leaking
celTeel through unsealed places
an elemental amount of energy (heat)
do,, delivered to the walls of the workspace
by convection and radiation,
AQ is the part of the heat released by com-
4 bustion of fuel between points 1 and 2,
AQ the portion of heat that is delivered to
the working gas between points 1 and 2,
the portion of heat that is transferred to
AQ,, the walls of the workspace between
pointsland 2,
V, is the current workspace volume,
» pressure and gas temperature in the

engine cylinder,

S .
c, = 3—(;q(m/ s) | mean piston speed;

piston stroke; # (1/min) - rev. per
minute.

S(m)

KAPAKTEPUCTHUKE ITPOLHECA CATOPEBAIBA
HEKHX BPCTA BUOTI'OPUBA Y JTU3EJI
MOTOPY

J. KuesxxeBuh, B. [lerpoBuh, I'. BopotoBuh,
B. IlajkoBuh, I1. Bpagosuh

WHTepecoBame 3a anTepHATHBHA TOpHBa Koja Om ce
KOPHCTIJIa 32 IIOTOH MOTOpa CYC je BeoMa BEJIHKO Y
YHTABOM CBETYy. 3aTO Ce HCTpaKMBamba Be3aHa 3a OBY
mpobIeMaTuKy BpIIE Y MHOTHM BOAENMM CBETCKUM
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naboparopujama 3a MoTope. Pasior oBor nHTepecoBama
Cy IOCTYIHOCT OBaKBHX TOPHBA, IOBOJbHE EKOJIOILIKE
KapakTepUCTUKE W MO3MTHBAaH YTHIA] HAa EKOHOMHjeE
3eMajba KOje OBaKBa IOpHBa MOTY [a HpousBome. Y
IpeIMEeTHOM pajy ce Jaje [eo pes3ylTa BeoMma
KOMIUIEKCHUX W JAYTOTPajHUX HCTPAXHBambha JTUHAMHKE
Ipoleca caropeBamba KOJ AW3e] MOTOpa HOTOHEHOT
METHJIECTpUMa OUJBbHUX YJba U TO OTHATHOT HaJIMHUHOT
JECTHBOT yJba, COJUHOT yJba W yJba YyJbaHE peEIHIIC.
INopeheme mpomeHa y pamHOM Ipolecy MOTOpa, Hpe
CBera IMpOLECy caropeBama, je BPIICHO IPU CHHX-
POHH30BAaHOM paJy MOTOpa Ha YOOWYajeHHMM CTaH-
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JapOHUM JH3€J1 TOPHMBOM MHHEPATHOI MOpeKna. AHa-
JIM30M 3aKOHA (TOKa) caropeBama CBAKOT 110jeJHHAYHOT
ropuBa, yTBpheHO je sma mocroje pasiMKe Koje HHCY
BEJIMKOT' KapakTepa, U3 Yera ce MoXKe 3aKJbYUHUTH Jia Cy
ropuBa Npou3BelleHa U3 OWJBHUX yJba, a 10 Baxkehem
CTaH/apy, BeoMa KBaJMTETHA TOPUBA 3a IOTOH IM3EN
Moropa. OBo Jgaje MoryhHoCT Hapo4YHMTO TOJBO-
MIPUBPEAHUM Ta3MHCTBUMA J1a CAMOCTAJIHO IPOU3BO/JIE
Je0 TOTPEOHOI TOpHBa Ca COINCTBEHUX 3EMIBHIIHHX
mapIena y3 ycloB J1a oceayjy oarosapajyhy ompemy 3a
MIPOM3BOARKY OMOAM3ENA.
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