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Abstract: Rape-seed biodiesel is an interesting option to address the problem of decreasing
availability of conventional fossil fuels, as well as to reduce the CO2 emissions of internal
combustion engines. The present paper describes an experimental campaign carried out on
a current production 4-cylinder, 4-stroke naturally aspirated diesel engine, running on
standard diesel fuel and on three different blends of rape-seed biodiesel (20%-50%-100%).
Performance, emissions and in-cylinder pressure traces were measured at full load. It was
found that the influence of rape-seed biodiesel in the fuel blend is not constant at each
operating condition. However, as the biodiesel content increases, full load performance tends
to drop, in particular brake specific fuel consumption (maximum worsening: +18%), while
soot emission goes down. The maximum improvement observed in terms of soot
concentration is 37.5%, at 1200 rpm. The combustion analysis revealed that the main
differences among the fuels occur in the first phase of combustion: the burn rate is slower
for biodiesel blends at low speeds, and faster at high.
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1. Introduction

Many papers indicate biodiesel as a valid replacement of diesel oil for Compression Ignition (CI)
engines [1-4]. In comparison to fossil diesel oil, biodiesel presents several advantages: first of all, it is a
renewable energy source; second, the environmental impact in terms of COz is strongly attenuated by
the amount of carbon dioxide absorbed by the plants during the growing process [5]; third, some emissions,
such as soot, are generally lower than in fossil fuel, as reported in [6,7]. The main downside is the
requirement of new fuel systems, complying with the specific features of biofuels; furthermore, many
authors found an increase in nitrogen oxides (NOx) emissions running on biodiesel [8—10], even if
sometimes no changes in NOx emissions where reported [11].

Finally, different studies report that the engine power output may be negatively affected by the
presence of biodiesel because of its lower lower heating value [ 12—14], even if, in some cases, the power
loss was lower than expected as reported, for example, in [15,16]. Some authors even found an increase
in power or torque running on biodiesel or biodiesel blends; the surprising benefit was supposed to be
related to a shorter ignition delay time [17] or to the higher density and viscosity [18].

From this brief review, it is evident that the biodiesel composition, its production process and its
physical properties such as density and viscosity may have different effects on engine combustion
depending on engine characteristics and operating conditions.

The present paper describes the experimental campaign carried out on a current production indirect
injection, naturally aspirated diesel engine, running on standard diesel fuel and on three different blends
of rape-seed biodiesel (20%-50%-100%). Experimental tests were carried out at a dynamometer bench,
measuring engine performance and emissions parameters at full load. Particular attention was paid to
the combustion process, measuring the in-cylinder pressure traces.

The engine used for tests was chosen on the basis of the following considerations. First of all, a current
production engine (see Experimental Setup section) was selected, instead of a research engine. In this way,
it is possible to get more straightforward information about the applicability to real cases. Moreover,
thanks to the accurate and comprehensive calibration done by the manufacturer, the experimental
campaign can be more easily carried out over the whole range of operating conditions. As far as the
combustion system is concerned, indirect injection with a full mechanical control was preferred to more
sophisticated solutions for the following reasons:

(1) Even if, especially in the last years, there is an increasing number of studies on engine performance
and emissions using biodiesel, only few of them pertain indirect injection diesel engine;

(2) The injection system is much more robust, and it can easily tolerate unconventional fuels;

(3) Many small capacity industrial engines are of this type, and there is a strong interest, at least
in Europe, in operating these power plants with biodiesel: rules and constraints are much less
stringent than in the automotive field, enabling an immediate application and, moreover, many
countries provide significant subsidies for the use of biofuels in internal combustion engines [19].

2. Fuel Features

The biodiesel investigated in the present study is a commercial fuel derived from rape-seed oil.
The fuel technical features are reviewed in Table 1. Four different blends of biodiesel and Standard
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Diesel (SD) fuel are considered: B20 (20% of biodiesel, 80% of SD), B50 (50% of biodiesel, 50% of SD),
B100 (100% biodiesel). SD will be referred to also as BOO.

From the engine point of view, the rape-seed biodiesel has features similar to but not identical to SD.
As it can be deduced from Table 1, the B100 density is slightly higher (882 vs. 840 kg/m?, +5%), and
the heating value is lower (37.5 vs. 42.5 MJ/kg, —11.8%). Considering the same mass of injected fuel,
biodiesel brake performance (torque and specific fuel consumption) are expected to worsen, due to the
reduced heating value. This reduction becomes smaller when considering the same volume of injected
fuel, thanks to the recovery due to the higher density of biodiesel (the lower heating value, referred to
the fuel volume, is 33 vs. 35.7 MJ/L, —7.6%). As the biodiesel molecule contains oxygen, the stoichiometric
air to fuel ratio is lower than in SD (12.5 vs. 14.5, —13.6%). As a result, the relative air-to-fuel ratio
increases, considering the same fuel rates. This is the main reason for the reduction of soot expected at
full load when using biodiesels instead of SD. The C/H ratio of the rape-seed biodiesel is almost identical
to SD (1.80 vs. 1.87), thus the composition should not affect the CO2 emissions very much.

In general, all the combustion patterns are affected by the fuel nature, in a way that is very difficult
to predict, as the fuel influence is related to the specific combustion/injection system and operating
conditions (speed, load, ambient conditions, setting of injection parameters, efc.).

Concerning the physical properties, the rape-seed biodiesel presents a kinematic viscosity value at
the high end of the SD range. However, there are many other physical parameters to be considered,
in order to assess the compliance of biodiesel with an injection system designed for SD. As an example,
biodiesels may be more aggressive on the injection system components, or leave deposits that may
obstruct the fuel flow. The assessment of these issues is far beyond the scope of this study, however
during the experimental tests it was necessary to change the fuel filter just after the use of B100. Even if
this is not a final evidence, it is a clear hint suggesting that this type of biodiesel must be employed with
care on conventional engines.

Table 1. Main properties of the rape-seed biodiesel compared to standard diesel oil.

Properties Biodiesel Diesel fuel (EN 590:1993)
Density [kg/m’] 882 820-860
Viscosity [mm?/s @ 40 °C] 4.6 2.04.5
Lower heating Value [MJ/kg] 37.5 42.5
Lower Heating Value [MJ/L] 33.0 35.7
o e 87% C
Mass Composition 12% H 13% 1
11% O
Stoichiometric Air/Fuel ratio 12.5 14.5

3. Experimental Setup

The engine employed in the study is a Lombardini 4 cylinder, naturally aspirated, indirect injection,
Diesel engine [20]. The engine main characteristics are shown in Table 2.



Energies 2015, 8 3050

Table 2. Engine main characteristics.

Cylinders 4-in line
Total displacement 1372 cm®
Bore 75 mm
Stroke 77.6 mm
Compression Ratio 22.8:1
Injection system Indirect injection with injector pump on head
Applications Excavator, Dumper, Roller, Generation Set

At the test bed (Figure 1), the engine was coupled to an Eddy-current dynamometer (Apicom FRV 400,
Cento (FE), Italy) while the Apicom Horus [21] software has been used for control and data acquisition.

The volumetric fuel consumption of the engine at each operating point was measured by means of
a simple but accurate device, specifically designed and built in-house (a graduated burette with
check valves).

Smoke is measured by the Dismoke 4000 opacimeter (AVL, Graz Austria) [22] while gas emissions
are not reported in this paper because a detailed emission analysis will be the subject of a separate paper.
The Dismoke 4000 measure the soot concentration in terms of light absorption (k-value) with

a resolution of 0.01 m™! (measurement range: 0-99.99 m™!).

Figure 1. The Lombardini engine at the test bed.

Finally, pressure traces are measured by means of a Kistler 6058A piezo-electric transducer
(Winterthur, Switzerland) [23], installed in the pre-chamber of cylinder #1 in place of the glow plug, and
of an optical encoder. The raw signals are processed by a high frequency acquisition system based on
the Alma Automotive Indicating Software [24], providing the cycle-averaged pressure traces, and
calculating a number of combustion parameters (rate of heat release, fraction of fuel burned, etc.).

The experimental procedure consisted in testing each fuel at seven steady points at full load varying
speed from 1200 to 3000 rpm by 300 rpm steps. Load is defined by the pedal position; since the injection
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pump is mechanical, for any fuel blend the injected volume depends only on engine speed.
The maximum care was devoted to keep the same testing conditions, in particular the temperatures of
fuel and engine lubrication oil. Furthermore, each measure is repeated at least twice, at different times.

4. Results and Discussion
4.1. Engine Performance and Emissions

As it was envisioned, the presence of biodiesel slightly reduces the torque output at full load
(Figure 2a). However, it may be noticed that the dependence on biodiesel percent is not linear, and under
some operating conditions (as an example at 2100 and 2400 rpm) B100 yields better performance than
B20. Furthermore, the maximum difference of torque, visible at 1200 rpm, between B0 (or SD) and
B100, is lower than the difference in terms of lower heating value per volume (5.5% vs. 7.6%). All these
evidences suggest that the fuel composition alters the combustion patterns in a way that depends on
operating conditions.

Trends are clearer in the BSFC graph (Figure 2b): as the percent of rape-seed fuel increases, specific
fuel consumption also increases. The maximum difference may be found at 2100 rpm: between B0 and
B100 the BSFC worsening is 18.1%. Such a result may be explained considering that the effect of the
lower heating value, reducing power, is added to the higher density, increasing the fuel mass flow rate.

The difference in terms of combustion reflects on the global fuel conversion efficiency (ratio of brake
power to the product of fuel mass flow rate and fuel lower heating value, Figure 2¢): B0 is always better
than the biodiesel blends, except at 1200-1500 rpm, where 20% biodiesel seems to improve a little bit
the indicated cycle.

Another clear influence of biodiesel is found on soot emission (Figure 2d): as the biodiesel content
increases, soot concentration decreases, except at high speed (2700-3000 rpm). At 1200 rpm, between
B0 and B100 the soot concentration reduction is 37.5%. This figure becomes 33.9%, if the specific soot
(mass flow rate of soot to brake power) is considered. The benefit of biodiesel visible at almost every
speed may be ascribed to the presence of oxygen in the fuel composition, increasing the value of the
local relative air-fuel ratio [25]. The different behavior at 2700-3000 rpm is explained by a change in
the combustion patterns. It is observed that B20 does not yield the expected advantages in terms of soot:
only at 1500—1800 rpm the specific soot (the ratio of soot mass flow rate to brake power) is improved a
little bit (8%—11%), while at all the other conditions there is a worsening up to 17% (3000 rpm).

Finally, the specific values of COz are shown in Figure 2¢). As for other biofuels, even if a small increase
(up 7%) of carbon dioxide was measured for all the biodiesel blends (except at 1200—1500 rpm for B20),
the global effect remains positive, because of the larger credit achieved during the rape-seed growth.
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Figure 2. Engine performance and emission as a function of rotational speed (a) torque;

(b) Brake Specific Fuel Consumption; (c) global efficiency; (d) soot emissions; (e) CO2

specific emissions.
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4.2. Combustion Analysis

The combustion analysis has been carried out analyzing the pressure traces acquired in the
prechamber of the cylinder #1 during engine testing. The difference between prechamber and cylinder
pressure is neglected. At each operating condition 100 consecutive cycles were acquired and the data
reported represent the average values. Figure 3 shows the parameters used to analyze combustion:
the peak of in-cylinder pressure (Figure 3a), the angular duration of combustion from 0 to 10%
(MFB10%—Figure 3c), the angular duration of combustion from 0 to 50% (MFB50% —Figure 3d),
and the angular duration of combustion from 0 to 90% (MFB90%—Figure 3e). Also the standard
deviation of the in-cylinder peak pressure has been calculated (Figure 3b), as an index of the
cycle-to-cycle variation. Figure 4 reports the combustion heat release and in-cylinder pressure as a
function of crank angle for different engine rotational speed.

As far as the max in-cylinder pressure is concerned (Figure 3a), it is possible to note that at low rpms
diesel values are always higher, revealing a smother combustion start for biodiesel blends; this behavior
is visible also in Figure 4.

The standard deviation of the in-cylinder peak pressure (Figure 3b) is less than 3%, meaning that the
cycle-by-cycle variation is always close to the typical values for this type of engines and that the
combustion is regular running both on diesel oil and biodiesel blends.

One of the most interesting graphs is the one showing MBF10%. Here, the percent difference
between SD and biodiesels is large: at 1200 rpm, between BO and B100 the increase of duration is
more than 32%. Such a difference tends to shrink as engine speed increases, and at high speed
(2700-3000 rpm) an inversion may be observed. As combustion progresses (MBF = 50% and 90%),
the differences among the fuels become smaller and more difficult to understand.

The explanation of this behavior can be found considering that the fuel features governing the first
phase of combustion are the viscosity and the auto-ignition retard. The former is more important at low
speed, when injection pressure is relatively low (simple mechanical injection), and vaporization more
difficult; the latter becomes relevant at high speed, when burn rate is controlled also by chemical kinetics.
Biodiesel blends feature a higher viscosity and a lower auto-ignition retard, thus combustion is slower
at low speed, faster at high. The evidence supporting this theory is provided by Figure 4, where pressure
traces and rate of heat release are shown at both ends of the engine speed range.

Finally, even if the in-cylinder pressure analysis shows some differences in the combustion process
depending on engine speed, the combustion process seems to take place in a similar way changing the
fuel, confirming the feasibility of the feeding the engine with the tested rapeseed biodiesel blends.
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Figure 3. Combustion parameter as a function of engine rotational speed (a) in-cylinder peak
pressure; (b) in-cylinder peak pressure standard deviation; (c) crank angle for 10% mass
fraction burn; (d) crank angle for 50% mass fraction burn; (e) crank angle for 90% mass

fraction burn.
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Figure 4. Combustion heat release and in-cylinder pressure as a function of crank angle for
different engine rotational speed.

5. Conclusions

Four different blends (0, 20%, 50% and 100%) of rape-seed biodiesel and Standard Diesel fuel (SD)
have been compared running experimental tests on a naturally aspirated, high speed, indirect injection
diesel engine. The rape-seed biodiesel used for the test, in comparison with SD, has a slightly higher
density (+5%), a lower Lower Heating Value (—11.8%) and a lower stoichiometric air to fuel ratio due
to the presence of oxygen in its molecule.

The tests have been carried out at seven different engine speeds, full load. The experimental results
show that:

» The presence of biodiesel slightly reduces the torque output;

* As the percent of rape-seed fuel increases, specific fuel consumption also increases;
the maximum BSFC increment has been equal to 18%;

* Global fuel conversion efficiency of engines running on SD is always higher except at low
rotational speeds, whereas b20 seems to improve the indicated cycle;

* As the biodiesel content increases, soot concentration decreases; at 1200 rpm, between b0 and
b100 the soot concentration reduction is 37.5%;

* Biodiesel blends present a small increase of carbon dioxide emissions that is largely compensated
by the credit achieved during the rape-seed growth.
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The in-cylinder pressure analysis shows slight differences in the first phase of combustion, depending
on engine speed: at low rpms the presence of biodiesel seems to speed up combustion whereas, at high
rpms, the situation is reversed; after the first combustion phase, the differences among the fuels become
smaller. The indicated analysis allowed the authors also to verify that the combustion process takes place
always regularly, as the cycle-by-cycle variation are quite small for all the tested blends.
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