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Abstract. This paper presents material about using two-component RME�E and three-component D�
RME�E biodiesels in high-speed diesel engines. The results of the analysis of fuel injection parameters described
in Part I of this scientific paper � Research of characteristics of working cycle of high-speed diesel engine operating
on biofuels RME�E and D�RME�E. Part 1. Indicators of fuel injection system and indicative process � allow
conducting a coherent research of heat release in the cylinder of diesel engines transferred from operation on
mineral diesel D to mixed biodiesels containing E. Effects of increased ethanol E in the biodiesel of 1A41 diesel
engine have been analysed in a wide range of loads, ranging from 0.25 to 1.0 Penom. It was found that the result
of the transfer from two-phase heat release to one-phase heat release is an increase in the fuel’s economy of the
engine for every 10% increase of E in the fuel (increase of indicative process efficiency makes up 0.4}0.5%).
Dependency of heat release and nitrogen oxide emissions in the exhaust gases remains the same for mineral
diesel, RME�E and D�RME�E. Indicators of cyclic stability of the diesel engine, operating on biodiesels
containing E 5 30%, did not exceed those that are common for diesel engines operating on mineral diesel.

Keywords: characteristics of heat release; diesel engine; alcohol biodiesel; nitrogen oxide; cyclic instability;
indicated process.
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1. Kinetics of combustion of alcohol-containing
biofuels

The impact of E alcohol component in RME-based
blended biodiesels is evaluated by indicators of the
differential dx/d8�f(8) and integrated X�f(8) heat
release characteristics in the diesel engine cylinder. This
researched aspect is important for an effective use of
biofuels in the diesel engine. For example, the impact of
E on the heat release characteristics and its influence
to the two-stroke diesel engine’s (150 mm/225 mm)
thermal efficiency are analysed by Li et al. (2005); the

changes of heat release of a 58.5 kW four-cylinder

diesel engine (98 mm/105 mm) operating on D�E blend

B15 and its influence on the engine’s ecological

indicators are analysed by Lü et al. (2004).
The calculation of dx/d8 and X, based on the

experimental indicator diagrams, was performed

according to prof. Gonchar’s method (Gonchar,

Matveev 1975). In this article, the mathematical

model for (dx/d8) calculation is modified to suit

fuels with a wide composition of chemical elements

(Lebedevas et al. 2011).

Material presented in this paper is a continuation of work, presented in paper (Lebedevas et al. 2013).
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The reduction in the intensity of heat release, in
the pre-mixed phase of combustion, is a characteristic
of RME biodiesel fuels due to the better self-ignition
properties compared with D (RME CN is 51 units
versus 46 units for D) and the less induction period 8i

caused by it (Lebedevas et al. 2006, 2007). However,
the appearance of the E alcohol component in RME
biodiesel fuels gives rise to the increase of the rate of
heat release in the pre-mixed phase (dx/d8)I max with
an increase of E concentration in the mixture. The
heat release intensity of the basic diffusion phase of
combustion evaluated by (dx/d8)II max value practi-
cally does not change in the main range of tested load
regimes (Fig. 1). Only at low Pmi, there is a rise of
(dx/d8)II max conditioned by the deformation of the
heat release nature from a two phase into a single
phase.

Fig. 2a gives a schematic representation of the
dynamics of transfer from a two-phase to a single-
phase combustion of RME�E with an increase of E
concentration in biodiesel fuels. Thus, the single-
phased nature of combustion with E not exceeding
20% is only observed at low Pmi that does not exceed

40% of the rated Pmi values. With an increase of E
concentration up to 30%, and especially up to 40%,
the nature of combustion becomes single phased in
the basic range of loads, including the nominal one.

The comparison of differential characteristics of
heat release when using tested fuels D, RME and
RME60/E40 (Pmi�0.7 MPa) is given in Fig. 2b. It
allows defining a set of characteristic features of the
impact of alcohol component on the combustion
process. Given E, the rate of dx/d8 at the early stage
of combustion process (3}4 8CA from the onset
time) is noticeably lower than that at the two-stage
heat release at combustion of mineral diesel fuel D
and rapeseed methyl ester RME. However, the lack
of reduction of the rate of heat release between two
maximums � (dx/d8)II max and (dx/d8)II max � is
typical for a two-stage process, and the high intensity
of heat release at its final stages determines the
reduced period of combustion of the alcohol-contain-
ing biodiesel. When interpreting the heat release
characteristic using parameters of I. Vibe’s model
(Vibe 1970), the following values of the heat release
(combustion) period 8z were obtained: 120}170 8CA
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Fig. 1. Indicators of heat release dynamics in 1A41 engine cylinder when running on RME�E and D�RME�E
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Fig. 2. Dynamics of heat release characteristic dx/d8 with increase of E alcohol component
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for RME; 75}100 8CA for RME90/E10 and RME80/
E20; and 40}70 8CA for RME60/E40. Similar to the
traditional D, the lower 8z was obtained in the
partial-load mode and the high 8z � in the nom-
inal-load modes of a diesel engine. As a result, the
form of the integral curve of heat release X�f(8) is
shifted to TDC as compared with combustion of D
and RME fuels. Consequently, the centroid of the
area under curve X�f(8) is also shifted to TDC.
According to the theoretical justification of acade-
mician Stechkin (1960) and considerable evidence of
experimental researches, this fact provides the reduc-
tion of the combustion delay losses and the upgrad-
ing of the cycle indicated efficiency h.

Therefore, the kinetics of combustion of alco-
hol-containing fuels and the oxygen content, which is
higher than the one of RME and, especially D
(34.8% versus 10.7% and 0.4%, respectively), are
characterised by the transfer to the single-stage
combustion process, the increase of its intensity
and the improvement of the energy indicators of a
diesel engine. The data in Fig. 3 given to prove this
shows an �0.5}0.15% increase of hi for every 10%
increase of E in biodiesel fuels.

In this regard, the spontaneous lag of the fuel
injection phase, when a diesel engine is transferred
to using the alcohol-containing RME�E and D�
RME�E biofuels, should be considered as a positive
factor limiting the rise of Pmax and dP/d8max and
reducing the emission of NOx in exhaust gases (EG)
while maintaining a high mileage rating. Such self-
regulation of a diesel engine, when it is transferred to
use the alcohol-containing biodiesels, is similar to
one of the efficient complex ways to improve the
operational characteristics of the high-speed diesel
engines implemented at the end of the 1980s of the
last century by the leading diesel engine construction
companies including the German Company ‘Moto-
ren und Turbien Union’ (Friedrichshafen) (Kruggel
1989). At the creation of the second development
stage of diesel engines of ‘396’ series, the increase in
the fuel injection intensity and, correspondingly, its
combustion characteristics were matched with the

lag of the fuel injection phase that resulted in a
significant reduction of NOx emission and limitation
of Pmax with 50% boosting of the mean effective
pressure.

2. Relationship of heat release nature and
NOx emission

Unlike the incomplete combustion’s toxic products
(CO, HC and PM), the NOx concentration is
primarily influenced by the conditions of fuel com-
bustion in the cylinder: temperature and reagent
concentrations in the burned mixture zone. The
influence of the elemental chemical composition
C/H/O of the fuel is less.

Zeldovich (1946) investigated and determined
the predominant thermal nature of nitrogen oxide
generation. The flame temperature and the concen-
tration of the air oxygen O2 and nitrogen N2 in the
combustion reaction zone are the main influencing
factors. The follow-up researches confirmed the
substantially smaller influence of the mechanisms
on the generation of ‘prompt nitrogen oxides’ and
‘fuel nitrogen oxides’ in the total NOx emission
budget (Kavtaradze 2007).

Experimental researches of kinetics of NOx

generation in the diesel engine cylinder (Smailys,
Bykov 1990) established that the main part (up to
�90%) of nitrogen oxides is generated at the moment
of reaching the maximum combustion pressure
8Pmax. The authors of the present article carried out

an analysis of the relationship e0NOx
¼ f QPmax

� �
,

where e0NOx
is the specific emission of nitrogen oxides,

in g/kg fuel; QPmax
is the released heat at the moment

of reaching the maximum combustion pressure, in kJ,
for a wide range of high-speed transport diesel
engines (Lebedev, Nechaev 1999).

Based on this, a mathematical model enabling
the evaluation of the changes of e0NOx

as a function of
design and adjustment parameters and the indicators
of the in-cylinder process (Lebedev, Nechaev 1999)
was developed and successfully applied to practice.

The investigation of relationship e0NOx
¼ f QPmax

� �
for

biodiesels will enable to significantly simplify the
assessment of environmental efficiency of the trans-
ferring the fleet of diesel engines operating on D to
biodiesels and, along with it, the development of
NOx emission reduction technologies.

As is known, the replacement of D by RME
causes an increase in the emission of one of the most
toxic substances, namely, nitrogen oxides NOx (Sarin
2012). Through the researches made, a marked
improvement of the diesel engine’s environmental
performance when using the alcohol-containing fuels
was recorded (Lebedevas et al. 2009) (Fig. 4).

Mostly, the change of the fuel’s chemical com-
position contributes to the reduction in CO emission
and smoke (SM) in the EG. The fraction of carbon
(C), the major source of CO and SM generation in
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the elemental composition of the tested alcohol-
containing biodiesel fuels, is decreased up to 67.0}
74.5% versus 87% and 77% for D and RME,
respectively. At the same time, a fraction of oxygen
stimulating the combusting efficiency increased from
0.4% and 10.7% for D and RME, respectively, to
13}20%. According to research data (Choi et al.
1997), a significant fraction of the combustion-
generated fine soot particulates, having time to
burn out at the opening of the cylinder exhaust
units, is an additional factor of SM reduction. The
50% and 70% reduction in CO emission and SM,
respectively, even with a spontaneous lag of the fuel
injection phase, may be held responsible for the
influence of these factors. The NOx emission beha-
viour is evaluated using QPmax factor. Fig. 5 presents

a comparison of QPmax values and the diesel engine
load for all tested fuels.

The graphical dependences of QPmax correlate
well and provide a qualitative explanation of the
test values of NOx emission in EG (Fig. 5). For
D, the highest value of QPmax corresponds to the
highest e0NOx

values in the rated load regime. As for

RME�E biodiesels, the curves e0NOx
¼ f Pmið Þ and

QP max ¼ f Pmið Þ are practically character-identical,
irrespective of E in the mixture. The obtained levels
of e0NOx

and QPmax values are also identical for
different fuels: the highest e0NOx

and QPmax values
are obtained for D, then followed by RME and the
alcohol-containing RME�E biodiesels.

The results of testing the engine running on
D and RME fuels and their blends enable summar-
ising the quantitative relationship of e0NOx

and QPmax

(Fig. 6).
The value ofdxy�0.947 indicator counts in favour

of a strong correlation between e0NOx
and QPmax. The

maximum ratios of experimental values of the smooth-

ing graphical dependence e0NOx
¼ f QPmax

� �
do not

exceed 97}10%. The obtained solution for the
practical tasks of evaluation of e0NOx

performance of
diesel engines when transferring them to biodiesels is
assessed positively. For the follow-up research, it is
planned to expand the experimental evaluations of
e0NOx

and QPmax relationship, as well as, to adapt the
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mathematical model of the NOx emission evaluation
developed by the authors for the cases of engine
running on the alcohol-containing biodiesels.

3. Evaluation of cyclic instability of a diesel engine
running on alcohol-containing biodiesels

The cyclic instability of the diesel engine is the
imbalance of a series of indicator chart parameters
(main parameters are maximum pressure Pmax and
start of combustion (8Pmax). Fragments of the results
of statistical analysis are shown in Figs 7 and 8 and
in Table 1.

It is known that the greatest cyclic instability
occurs when the engine is running on low loads or
idling. Based on this, the analysis comprises of two
regimes: mean indicated pressure of 0.4 MPa and
maximum load of 0.85 MPa. Statistical analysis
confirmed that there is a normal distribution of
(Pmax) data. This facilitates the task of evaluation of
cyclic instability using standard deviation and dis-
persion (Table 1). Up to 30% concentration of E in
D�RME composition has no influence on the cyclic
instability (on energetic and ecological parameters of
engine as well) through all of the engine load ranges.
With an increase in E reaching 40%, the cyclic
instability exceeds the normal level of cyclic instabil-
ity for D (the highest measured value of maximum
pressure as well). Standard deviation grows from 0.13

to 0.21 MPa and the dispersion grows from 0.016 to
0.045 MPa.

The cyclic instability of engine performance has

a negative impact on the fuel efficiency, emission of
toxic components in EG and engine reliability indexes

(Rakopoulos et al. 2008). The cyclic instability of
10 kWdiesel engines D80 (100 mm/85 mm) and 50 kW

Renault (80 mm/93 mm) operating on D�E biodiesels
were analysed by Satgé de Caro et al. (2001).

The instability of the fuel injection and air

supply characteristics are its main cause. The spon-
taneous changes of the fuel injection start phase

recorded during the conducted researches served as a
ground for a comparative assessment of the cyclic

instability of a diesel engine running on D and
alcohol biodiesels.

The maximum combustion pressure Pmax, an

indicator of 1A41 engine, to a considerable degree,
determines the mechanical loads on the cylinder-liner

group parts, NOx emission and the specific fuel
consumption selected as the test parameter of cycle.

According to the data of an array of Pmax values

of the successively recorded 40}60 engine cycles, a
mean value of Pmax and a standard deviation dPmax

(dispersion) of the maximum combustion pressure
were calculated. The comparison of Pmax stability

factors was conducted for the load mode Pmi�0.4}
0.35 MPa, when running on D and RME�E biodiesels.
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Conclusions

The presented material is dedicated to one of the

most urgent issues of the transport sector � transfer

of diesel engines designed to work with D to working

with biodiesels produced from renewable energy

sources of plant and animal origin:
1) The conducted researches of the fuel injec-

tion and in-cylinder process characteristics
of 1A41 high-speed diesel engine have con-
firmed that its transfer from D to RME�E
and D�RME�E alcohol-containing biodie-
sels (with E up to 40%) has a favourable
effect on the improvement of the energy
and environmental performance, while main-
taining at admissible level the mechanical
loads on the parts of the cylinder-liner
group:

a) Higher rates of heat release in the pre-
mixed phase at combustion of alcohol-
containing fuels provide �15% reduc-
tion of combustion time, every time
increasing the alcohol component part
(ethyl alcohol) by 10%. As a result, the
energy performance improves: the in-
crease of the diesel engine’s indicated
(effective) efficiency in the full range
of tested loads (0.30}0.85 MPa)
amounted to 5}6 for every 10% in-
crease in E;

b) Maximum combustion pressure (Pmax)
of the cylinder creates a level of
mechanical load of the cylinder-liner
group parts. Pmax is lower in the range
of low and medium load regimes.
Meanwhile, at the rated power, with a
part of E 5 20% in the blend, it does
not exceed the level of mineral diesel

fuel. With an increase up to 30}40% of
the alcohol component part in biodie-
sel fuel it exceeds the Pmax level of the
fossil diesel.

2) Increase of ethanol part in biodiesel resulted
in the qualitative improvement of the indi-
cative process of conversion of heat release
from a two-phased (common to mineral
diesel and RME) to a single-phased form.
A 10% increase of ethanol part in the fuel
results in increased indicated efficiently by
0.5}0.4%.

3) Optimisation of the fuel injection phase
8f1 is an effective way of the complex
improvement (with regard to the incom-
plete combustion products and NOx) of the
environmental performance (by 50}70%)
of the operating fleet of high-speed diesel
engines, when converting them from
working with the mineral diesel fuel to
working with D�RME�E alcohol biodiesel
fuels.

4) Indicators of the cyclic instability of a diesel
engine evaluated by Pmax value are practi-
cally the same when running on mineral
diesel fuel and alcohol biodiesel fuels. The
largest dispersion of Pmax fixed for the diesel
engine mode of 60% load of the rated one
does not exceed 0.045 MPa when E �40%
and at maximum increase of Pmax does not
exceed 10% in comparison with D.
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of characteristics of working cycle of high-speed diesel

engine operating on biofuels RME�E and D�RME�E.

Part 1. Indicators of fuel injection system and indicative

process, Transport 28(2): 204�213.

http://dx.doi.org/10.3846/16484142.2013.806346

Lebedevas, S.; Lebedeva, G.; Makarevičienė, V.; Janulis, P.;
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