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Abstract

The purpose of this research is to determine the effect of Diesel fuel blending with rapeseed oil (RO) and
RME on the brake specific fuel consumption of a direct-injection Diesel engine, fuel energy conversion
efficiency and evaluate the quantitative emission composition changes and smoke opacity of the exhausts.

Test results show that the application for engine fuelling of Diesel fuel and rapeseed oil RO25 (1:4 by
volume) as well as rapeseed methyl ester RME20 (1:5 by volume) blends at low-to-moderate revolutions does
not affect greatly the brake specific fuel consumption (bsfc) however at the rated speed and fully opened throttle
the bsfc for blends RO25 and RME20 is higher by 4.7% and 11.9%, respectively. The maximum emission of

nitrogen oxides NOx at the rated power for blend RO25 is lower by 11.7% and for blend RME20 is higher by
44.7% related to Diesel fuel.

The smoke opacity, emissions of carbon dioxide CO 2, monoxide CO and unburned hydrocarbons HC
released into atmosphere from the engine run at fully opened throttle on blend RO25 are more or less similar to

that of Diesel fuel whereas during operation at the rated power on blend RME20, because of higher specific fuel
consumption, the smoke opacity increases to 42.6% and emission of CO) to 9.9%.

1. Introduction

The Commission White Paper European policy predicts that by year 2010 the carbon
dioxide emissions from transport will be risen to about 1 113 million tones with the main
responsibility resting on a road transport, which accounts for 84% of transport related CO,
emissions. Having in mind urgent environmental problems Directive 2003/30EC of the
European Parliament and Council has been approved that calls for Member States to insure a
minimum proportion of biofuels and other renewable fuels placed for transport purposes on
their markets by 31 December 2010 shall be 5.75% on the basis of energy content. Lithuania,
as a new Member State, shall also monitor the effect of using in unmodified vehicles of
biofuels in Diesel blends above 5% and shall take measures necessary to insure compliance
with the relevant Community legislation on emission standards too.

Neat Rapeseed Methyl Ester (RME) and its blends with fossil fuels are widely used for
Diesel engine fuelling because of less harmful emissions behaviour and contribution to the
global CO; cycle as well as known advantages in many ecological aspects [1,4]. The other
method allowing utilisation of the Rapeseed Oil (RO) as renewable energy source is the usage
of it for the local tractors fuelling in a neat form [2,8] or in mixture with Diesel fuel [9,11].
This method could be considered as cheap and efficient because small capacity RO pressing,
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filtration and decanting facilities arranged in some rural areas would be less dependent on the
fiscal policy and economically attractive especially when applied along with pressing of
oilcake for farming. Investigations conducted on different Diesel engines [2, 5] proved that
RO could be recognised as a fossil fuel extender. Laboratory tests revealed, however, some
technical problems related to RO high viscosity, carbonaceous deposits and lacquer formation
on the surfaces of engine inners parts because of incomplete combustion, especially at light-
to-moderate loads [8].

One of the mostly used methods allowing to solve oil’s viscosity problem and improve its
technical properties insuring smooth flow through a fuelling system is mixing with lighter
Diesel fuel (DF) [1,3,5,9,11]. However, blending of RME and RO in various proportions with
fossil fuel may result into a bit different effect on fuel energy conversion efficiency and
emission characteristics. Besides of high kinematical viscosity of RO (38.0 mm*/s at 40 °C)
the latter differs as having higher density (0.916g/cm’), cold filter plugging point (+15 °C),
pour point (+20 °C), water content (75 mg/kg) and overall contamination. Differences in RO
physical properties along with its higher flash point (220-230 °C), flame point (275-290) and
lower cetane number (44-48) may have different influence on fuel spray parameters, its
distribution in the combustion chamber, evaporation peculiarities and auto-ignition delay than
in the case of mixing RME with Diesel. Mentioned peculiarities may change a bit differently
the quantity of fuel premixed for rapid combustion affecting the engine performance at
various loading conditions.

Diesel engine performance parameters when operating on neat RME and pure RO have
been examined previously in investigations [7,8]. According laboratory tests, adding of up to
25vol% of rapeseed oil into Diesel fuel increases blend viscosity at a room temperature from
3.59 to about 8.41 mm?/s that can be regarded as more or less acceptable for the normal
operation. Concerning RME, its viscosity is more similar to that of Diesel fuel and compiles
at a temperature of 40 °C about 4.70 mm?/s. In France, Italy, Spain, Sweden, Czech Republic
and other European Countries up to 5 — 30vol% RME and Diesel fuel blends are popular.
Therefore, from the scientific point of view it would be reasonable to conduct the comparative
analysis of the effect of mixing RME and RO with commercial Diesel fuel on the engine
performance at various loading conditions.

2. Purpose of the Research

The purpose of the research is to conduct the comparative analysis of the effect of two
different biofuels as Diesel fuel (80vol%) and rapeseed methyl ester (20vol%) as well as
Diesel fuel (75vol%) and rapeseed oil (25vol%) blends on the economical and ecological
parameters of a high-speed direct-injection Diesel engine when operating at a wide range of
loads and speeds. The objectives of this research may be stated as follows:

1. Determine the effect of RME20 and RO25 blends on the brake specific fuel
consumption of a Diesel engine when running it over a wide range of loads and revolutions
per minute.

2. Evaluate the effect of RME20 and RO25 blends on the emission composition changes,
including the nitrogen oxides NO, NO,, NOy, carbon monoxide CO, hydrocarbons HC and
smoke opacity of the exhausts when running it over a wide range of loads and speed.

3. Research Objects, Apparatus and Methods

Tests were conducted on the four cylinder, four stroke, naturally aspirated, water cooled,
59 kW direct injection Diesel engine D-243 with splash volume ¥, = 4.75 dm’, bore of 110
mm, stroke of 125 mm and compression ratio of ¢ = 16:1. The fuel was delivered by the in
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line fuel injection pump through five holes injection units into a toroidal type compression-
ignition combustion chamber in a piston head. The fuel injection pump was adjusted to the
initial fuel delivery start at 25° before top dead centre (BTDC).

RME and pure RO were brought from a new production plant “Rapsoila”, Lithuania,
which started in May 2004 with the capacity of 10 thousand tons. The net heating values of
both biofuels were declared as being equal to 37.23 MJ/kg for RME and 36.87 MJ/kg for RO.
Fuel blend RME20 was prepared by a splash mixing technique, which consist of pouring the
RME into a Diesel container in the proportion of 80% DF and 20% RME by volume. Other
blend RO25 was prepared by the same technique, i.e. by splash mixing in the fuel container of
75% DF and 25% RO by volume. The net calorific value of Diesel fuel was as standard 42.55
MJ/kg. By applying this technology two different biofuels have been obtained with quite
similar calorific values of 41.49 MJ/kg for RME20 and 41.13 MJ/kg for RO25 blends, which
where calculated from the percentage inclusion rate of each fuel component.

To obtain the baseline parameters, the engine was operated on a Diesel fuel grade C first.
Load characteristics were taken at fixed load modes and constant crankshaft revolutions of n
= 1400, 1600, 1800, 2000 and 2200 min™. After all load characteristics were taken for the
engine performance on Diesel fuel, the Diesel fuel was replaced by blend RME20 and similar
experiments were conducted over the same range of engine loads and revolution frequencies.
Afterwards, the blend RME20 was replaced by blend RO25 and the engine performance
characteristics were again taken over the same test ranges.

Torque of the engine was measured with a three phase asynchronous 110 kW electrical
AC stand dynamometer with a definition rate of =1 Nm. The engine load characteristics were
taken with a gradual increase from the point that was close to zero up to its maximum value of
290-310 Nm. This means that the effective power of the engine at the rated speed n = 2200
min™ had been changed from the minimum up to 110% of its rated value.

The fuel mass consumption was determined by weighting it on the electronic scale SK-
1000. Volumetric air consumption was determined by means of the rotor type gas counter
RG-400-1-1.5 installed at the air tank for reducing pressure pulsation.

The amounts of carbon monoxide CO (ppm), dioxide CO; (%), nitric oxide NO (ppm) and
nitrogen dioxide NO, (ppm) in the exhausts were measured with Testo 33 gas analyser. The
total emission of nitrogen oxides NOy was determined as a sum of both NO and NO,
components.

The amounts of unburned hydrocarbons HC (ppm vol) were determined with the gas
analyser TECHNOTEST Infrared Multigas TANK model 488 OIML.

Smoke opacity D (%) of the exhausts was measured with Bosch device RTT100/RTT110
in scale 1 — 100% with + 0.1% accuracy.

4. The Research Results

Graphs of the brake specific fuel consumption (bsfc) as a function of load obtained during
engine operation on Diesel fuel, blends RME20 and RO25 at speeds of 1400, 1800 and 2200
min” have been superimposed as shown in Fig. 1. As it obvious from the analysis, application
of blends RME20 and RO25 does not affect significantly the bsfc rate in mass. At the
minimum speed of 1400 min™' and maximum load of bmep = 0.77 MPa the bsfc is lower by
1.6% for blend RME20 and higher by 2.3% for RO25 related to Diesel fuel (238 g/kWh).

At a higher rotation speed of 1800 min™ that corresponds to the maximum torque area,
blend RME20 suggests for the fully loaded engine the bsfc rate nearly the same (233 g/kWh)
as that of Diesel fuel (230 g/kWh) whereas blend’s RO25 consumption remains at 3.1%
higher level. However, as soon as the engine speed increases up to the rated 220 min™ value
its performance on both biofuels deteriorates more noticeably. When running the engine at a

189



360

T T
n =1400 rpm —o— DF

320 -4
s et\\ —a— RME20
%0 230 —B8—RO25
%
=}

240 —g—

200 T T T T T

0,1 0,2 0.3 0,4 0,5 0.6 0,7 0.8 0,9
360 T
K n = 1800 rpm
320 +—A

bsfc g/kWh

280 \K\
240 % 5
200 \

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

360
& n = 2200 rpm
£ 320
% 280 Xﬁ%
P
@ =
2 240 : -
200 ‘ ‘ ‘ |
0,1 02 03 0.4 0.5 0,6 0,7 0.8 0,9

bmep MPa

Fig. 1. The brake specific fuel consumption (bsfc) as a function of engine load (bmep)

fully opened throttle (bmep = 0.68 MPa) the bsfc is higher by 4.7% for blend RO25 and by
11.9% for RME20 comparing with Diesel fuel consumption of 228 g/kWh.

The higher biofuels consumption can be related primary to the lower on average by 2.5%
and 3.3% of net heating value of blends RME20 and RO25. However, the comparably small
differences in the heat content of the tested biofuels is probably not the main reason leading to
the higher biofuels consumption in grams per unit energy developed. As one can see on the
bsfc graphs, at all loads the bsfc for both blends RME20 and RO25 increases with revolutions
more rapidly than that of ordinary Diesel. Economical parameters of Biodiesel have been
affected, probably, by changes in the fuel timing advance, its evaporation behaviour, auto-
ignition delay and actual start of combustion occurring because of the effect of biofuels
specific properties such as a feedstock, calorific value, volatility, iodine and cetane numbers,
density and viscosity, pressure waves propagation speed and isentropic bulk modulus [14].

The brake thermal efficiency increases with the load reaching at the minimum 1400 min™'
speed the top efficiency values of 0.373, 0.377 and 0.392 for Diesel fuel, blends RO25 and
RME20. In terms of the engine performance efficiency advantages due to biofuel usage have
been obtained at low revolutions and high loads mainly. At speed of 1800 min™
corresponding to the maximum torque area, the maximum value of the brake thermal
efficiency for blend RO25 (0.385) is nearly the same as that for ordinary Diesel (0.383)
whereas for blend RME20 remains at a slightly higher (0.393) level. However, as far as the
engine speed increases up to 2200 min™', the energy conversion efficiency of Biodiesel starts
to reduce rapidly enough, especially when operating on blend RME20. At the rated speed and
fully opened throttle (bmep = 0.68 MPa) the maximum thermal efficiency values are equal to
0.375, 0.371 and 0.354 for Diesel fuel, blends RO25 and RME20, respectively. Given results
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indicate about importance of further investigations in order to improve performance efficiency

of conventional engine run on unmodified blends RO20 and RME2S5 at all loads and speeds.
As it follows from the analysis of graphs in Fig. 2, the total NOy emission increases

gradually with the load, reaching at revolutions of 1400, 1800, 2200 min'l, the maximum
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Fig. 2. The total nitrogen oxides NO, and dioxide NO, emissions as a function of load (bmep) at
various speeds (n)

values of 1937, 2071 and 2006 ppm for blend RME20 and 1911, 1674, 1386 ppm for Diesel
fuel. Considerably high NOy emission levels generated from blend RME20 can be related
primary to its composition that differs as having higher oxygen content (2.5%) related to
ordinary Diesel (0.4%) [4]. The other possible reason of correspondingly higher by 1.4%,
23.7% and 44.7% emissions of NOx measured for blend RME20 can be related presumably to
the earlier actual start of combustion that may occur because of its higher cetane number (54)
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and changes in actual timing advance [14]. According to the world-known chain reactions
mechanism developed by Zeldovich, the nitrogen oxides built up beyond the flame from free
atoms of nitrogen and oxygen at gas temperatures above 2000 K. At earlier start of auto-
ignition the maximum temperature of burned gases increases and consequently the higher
levels of NOy emission can be expected [6,10].

In spite of higher fuel based oxygen content (3.0%), the NOy emissions from blend RO25
proceed with the load at a pretty lower level than that produced by blend RME20. In this case
the maximum NOy emissions compile 1196, 1227 and 1224 ppm, respectively. The lower
NOy emissions can be explained, presumably, by blend’s RO25 higher density and viscosity
that along with a poor volatility and high boiling point reduce quantity of fuel remixed for
rapid combustion. Because of a lower peak temperature of burned gases, the maximum NOy
emissions from blend RO25 have been reduced by 37.4%, 26.7% and 11.7%, respectively.

Emissions of the nitrogen dioxides NO, have tendency to increase slightly with the load
reaching the maximum 29 — 45 ppm values for blend RME20 and 50 — 60 ppm for RO25. As
one can see on the graphs, the NO, emission for blend RO25 changes with the load in a very
similar way as that of ordinary Diesel does. According to investigations [6], the higher NO,
emissions emerging from blend RO25 can be related to the lower gas temperature that could
quench the conversion back to NO. However, the NO, emission compiles about twentieth part
of NO concentration therefore it does not play a key role on the total NOy background
determined.
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Fig. 3. Carbon monoxide emissions as a function of load (bmep)

The carbon monoxide CO emissions at the rated 2200 min™ speed are shown on the
graphs in Fig. 3. Emissions of CO increase smoothly with the load and portion of fuel injected
reaching at the rated bmep = 0.68 MPa load the maximum 735 ppm value for blend RME20
and about similar amounts of 1107 and 1100 ppm for both Diesel fuel and blend RO25. The
maximum CO emissions generated from blend RME20 remain at speeds of 1400, 1800 and
2200 min” lower by 29.2%, 32.1% and 33.6 % related to ordinary Diesel. The lower CO
concentrations in the exhausts correlate reasonably well with much higher NOy emissions
considered above indicating about different origin of these two species [6].

Exhaust opacity depends on the fuel cetane number, soot particles formation and its
eventual burning rate set up by diffusion processes at a final combustion stages varying with
the chemical structure and amount of fuel injected. As it follows from the graphs in Fig. 4, the
exhaust smoke at light-to-moderate loads proceeds at considerably low level ranging from 3
to 10 %. However, as soon as the engine load increases beyond 0.5 — 0.6 MPa the values of
exhaust smoke scale up more rapidly. At the rated 2200 min" speed and bmep of 0.68 MPa,
the smoke opacity for blend RO25, Diesel fuel and RME20 reaches 21.7%, 25.8% and 42.6%,
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respectively. The higher smoke opacity produced by blend RME20 can be obtained, probably,
because of combustion peculiarities that especially may have place at high speeds and heavy
loads. At lower revolutions and easier loads there no significant differences in the smoke
opacity between blends RO25, RME20 and Diesel fuel were observed at all.
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Fig. 4. Smoke opacity of the exhausts as a function of load (bmep)

Emissions of unburned hydrocarbons HC increase slightly with the load and portion of
fuel injected, but HC levels are comparably low and their top values do not exceed 8 to 25
ppm. At the minimum 1400 min" speed, HC emission for both biofuels is similar enough
whereas at higher 1800-2200 min™' revolution it ranges for blend RME20 at approximately 5
ppm lower level comparing with Diesel fuel. Lower CO and HC emissions remain in a good
agreement with the higher NOy concentration generated from blend RME20. Blend RO25
indicates about the same HC emission changes with a load as ordinary Diesel except more
rapid increase at heavy loads only. Temperatures of gases exhausted from the fully loaded
engine operating at the rated speed and constant air-to-fuel equivalence ratio of 4 = 1.6 were
as high as 477, 495 and 540°C for blend RO25, Diesel fuel and blend RME20, respectively.

Emissions of carbon dioxide CO; increase with the load about proportionally to the fuel
consumption in mass reaching at the rated 2200 min" speed and load bmep = 0.68 MPa the
same 6,5vol% values for Diesel fuel and blend RO25 and being slightly higher (9.9vol%) for
blend RME20.

5. Conclusions

1. Application for Diesel engine fuelling of fuel blends RME20 and RO25 at low-to-
moderate revolutions does not affect greatly the brake specific fuel consumption in units
of mass however at the rated 2200 min™ speed and a fully opened throttle the bsfc rate is
higher by 4.7% for blend RO25 and by 11.9% for RME20 than that of ordinary Diesel
(228 g/kWh).

2. The brake thermal efficiency at the minimum 1400 min" revolution reaches the top
efficiency values of 0.373, 0.377 and 0.392 for Diesel fuel, blends RO25 and RME20. As
soon as the engine speed increases to the rated value, the fuel energy conversion efficiency
reduces slightly reaching the maximum values of 0.375, 0.371 and 0.354, respectively.

3. The maximum NOy emissions generated from a heavy loaded engine run on blend RME20
at speeds 1400, 1800 and 2200 min™' are higher by 1.4%, 23.7% and 44.7% whereas when
fuelling it with blend RO25 the top NOy emission levels appeared as being by 37.4%,
26.7% and 11.7% lower related to Diesel fuel.

4. The maximum CO emissions emerging from the engine run at a fully opened throttle on
blend RME20 are correspondingly by 29.2%, 32.1% and 33.6 % lower whereas when
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operating on blend RO25 emissions of CO range with a load at very similar levels as those
of ordinary Diesel reaching at the engine rated power 1100 ppm.

5. A higher specific fuel consumption in mass and higher smoke opacity accompanied by
overall higher temperature of the exhausts, NOy and CO, emissions, especially measured
at the rated 2200 min™ speed, indicate that further investigation concerning the adjustment
of fuel injection timing advance for blend RME20 is warranted. In spite of quite promising
results given during engine operation on blend RO25, the practical usage of rapeseed oil in
blends with Diesel fuel should relay on long-term endurance and reliability tests.
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