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INVESTIGATION OF THE FUEL OXYGEN OF VARIOUS ORIGINS-MADE EFFECTS ON THE
COMBUSTION PROCESS IN A TURBOCHARGED CRDI DIESEL ENGINE

The paper deals with the investigation of a fossil diesel and high-quality HRD (Hydrotreated Renewable
Diesel) fuel blends involving Ethanol (E) or Biodiesel (B) oxygen-made effects on the combustion process in a
turbocharged Common Rail Direct Injection (CRDI) diesel engine running under full (100%) loads at 1500 rpm,
maximum torque speed 2000 rpm and the high speed of 2500 rpm. The study presents the experimental investigation
and numerical simulation of biofuel oxygen-made effects on the combustion process in a diesel engine under brake
mean effective pressures (bmep) = 1.24, 1.37 and 1.40 MPa developed for overall air-fuel ratios of A = 1.30, 1.25 and
1.20 at the respective speeds. The fuel-oxygen mass content increased identically within the same range of 0 (E0/BO),
0.91 (E1/B1), 1.81 (E2/B2), 2.71 (E3/B3), 3.61 (E4/B4), and 4.52 wt% (E5/B5) in both fuel groups of various origins
involving anhydrous (200 proof) Ethanol (E) and rapeseed Biodiesel (B). It is important to note that the cetane number
possessed the same value of 55.5 for all fuel blends tested. This ensures stable auto-ignition needed to perform
accurate comparison of the obtained results between the two fuel groups and extract from the study as much
information as possible in the scientific research about the fuel-oxygen enrichment rate and the widely differing
properties of biofuels-made effects on the combustion process. Both qualitative and quantitative analyses of the newly
designed fuels-made effects on the compression ignition delay and the combustion attributes were performed
comparing data between themselves in the same fuel group, between the fuel sets E and B and with the respective
values measured with the reference, oxygen-free blend E0/BO to reveal the existing developing trends. Analysis of the
relative changes in compression ignition delay, specific burn angle MBF 50, maximum heat release rate and the peak
in-cylinder pressure developed from combustion of oxygenated fuel blends E1-E5 and B1-B5 performed on the
comparative bases with the corresponding values measured with blend EO/BO to reveal potential developing trends in
the auto-ignition delay and the combustion process.

Keywords: Diesel engine; Diesel-HRD fuel blends; Ethanol; Biodiesel; Auto-ignition; Combustion process;
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INTRODUCTION

The increased air pollution from ground-based, trans-oceanic marine and the air traffic engines
powered with a fossil origin, high-carbon fuel in a company with coal-fired power plants causes the
greenhouse gas emissions leading to adverse climate changes and the tread to people’s health that is today’s
the greatest long-term challenge humanity has never faced over the last century [1]. Therefore, the
investigations of sustainable technologies based on environmentally friendly, sulphur-free, non-toxic, low-
carbon, totally-renewable energy sources possessing high content of hydrogen biofuels have to move
forward keeping up the pace to attain a newest knowledge needed to develop the production technologies of
modern diesel engines for future generations [2,3]. There potentially are many alternatives to replace a fossil
fuel with renewable and environmentally friendly biofuels, however still is not completely clear how much
biofuel-bound oxygen of various origins could affect the auto-ignition delay period and thus the whole
combustion process due to widely differing chemical and physical properties of ethanol or biodiesel added
into blend. Therefore, the transfer from traditional diesel fuel type adapted over the centuries for efficient
engine operation to another renewable energy sources can be a slow, costly and sometimes painful process

[4].

The problem is that the widely differing chemical and physical properties of biofuels such as ethanol
or biodiesel provide changes in the injection and atomisation characteristics that affects the distribution of
the fuel spray patterns in the combustion chamber, their total surface area directly exposed to the hot
compressed air charge, vaporisation intensity and the air-fuel mixing rate. These changes in a company with
the factors the effects of which examined in the study operate simultaneously and might have strong
contributing impact on the auto-ignition delay and the whole combustion process. Unfortunately, in the
available literature is a lack of comprehensive studies on the changes in the fuel injection and atomisation
characteristics at first [5] with the following fact-based examination of the auto-ignition delay’s behaviour,
the combustion process and indicated thermal efficiency supported by the revealed numerical
interrelationships between heat release characteristics and the fuel system related factors affecting them [6].
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Experiments conducted by Zhang et al. [7] showed that the adding of ethanol into the kerosene
promotes the spray quality and, thus, the spray cone angle increases with the increase of ethanol contend in
the kerosene blend due to lower density and viscosity of fuel blends. While Tziourtzioumis and Stamatelos
[8] revealed that Sauter mean diameter (SMD) of sprays is higher, coefficient of variations of Indicated
Mean Effective Pressure (IMEP) increases (B20, B40), the total combustion duration (B20) and mass
fraction burned for specific crank angle burn points change ambiguously and fuel burning rate decreases
when running with B20 and higher biodiesel blended-fuels.

It was previously revealed [9] that both the autoignition delay and the combustion process of a
naturally aspirated diesel engine strongly affects not only the blended cetane number, but also on the
accompanying changes in chemical structure and fuel-oxygen mass content in ethanol-diesel-biodiesel
blends. Normally ethanol or rapeseed oil methyl ester (biodiesel) is added to Hydrotreated Renewable Diesel
(HRD) fuel as oxygenator source to produce environmentally friendly, triple fuel blends. Ethanol differs
from most other biofuels as having the largest amount of fuel-oxygen mass content (34.78 wt%), however its
using as diesel fuel supplement is limited by the widely differing chemical and physical properties, namely
its extremely low cetane number. While, biodiesel as sustainable energy source is very popular in transport
sector because using of neat biodiesel or at low percentage blend levels with ultra-low-sulphur diesel
(ULSD) has positive impact on the environment, economic growth and the creation of new production works
in rural areas.

The purpose of the experimental and numerical investigations was to define the biofuel oxygen of
various origins-made effects on the combustion process in a turbocharged CRDI diesel engine operating
under brake mean effective pressures (bmep) = 1.24, 1.37 and 1.40 MPa developed for overall air-fuel ratios
of A =1.30, 1.25 and 1.20 at the respective speeds of 1500, 2000 and 2500 rpm. The numerical simulation
aimed to solve some sensitive issues related to a challenging task how to separate the fuel-oxygen itself-
made effects on the combustion process from additional changes caused by the combined contribution of the
widely differing chemical and physical properties of anhydrous (99.9 wt%) ethanol or rapeseed oil methyl
ester (biodiesel) in the experimental study.

RESEARCH METHODOLOGY, ENGINE TEST SET UP AND TEST FUELS

The fuel components used to prepare fuel blends for diesel engine tests: fossil origin diesel fuel (LST
EN 590:2014+AC, Ltd. ,,Orlen Lictuva®); Hydrotreated Renewable Diesel (HRD) (NESTE OIL, Finland);
anhydrous (200 proof, 99.9 wt%) Ethanol (LST EN 15376:2015); rapeseed oil methyl ester — Biodiesel (B)
(LST EN 14214:2014, Ltd. ,,Rapsoila‘).

The fuel-oxygen mass content has been changed from 0 to 4.5 wt % with identical increment rates for
both E and B fuel groups, but these blends were purposely premixed in such proportions by mass to maintain
the blending cetane number value the same of CN = 55.5 (Table 1). This precondition is important to
evaluate accurately the ethanol E1-E5 or biodiesel B1-B5 oxygen-made effects on the ignition delay time,
combustion history and heat release rate with the following changes in burn angle MBF 50 and the peak in-
cylinder pressure. This achieved by reasonable comparison of the obtained data between themselves in the
same fuel group, between differing fuel groups E and B and with the respective values measured with the
reference, oxygen-free fuel blend EO/BO to reveal the existing developing trends in the studied combustion
process.

Table 1. Basic chemical and physical properties of the test fuels.

Code of . Oxygen, Carbon to Stoichiometric Net heatin
fuel blends Diesel/HRD/Ethanol V\ytg/o hydrogen ratio | air/fuel ratio, kg/kg | value, MJ/I?g
EO 0,85/0,15/0 0 6,45 14,59 43,12
El 0,804/0,196/0,974 0.9 6,33 14,48 42,74
E2 0,755/0,245/0,948 1.8 6,22 14,36 42,36
E3 0,704/0,296/0,922 2.7 6,11 14,24 41,97
E4 0,65/0,35/0,896 3.6 6,00 14,13 41,59
E5 0,592/0,408/0,87 4.5 5,89 14,01 41,21
Code of . - Oxygen, Carbon to Stoichiometric Net heatin
fuel blends Diesel/HVO/Biodiesel V\)l/t%’]/o hydrogen ratio | air/fuel ratio, kg/kg | value, MJ/kgg
BO 0,85/0,15/0 0 6,45 14,59 43,12
Bl 0,835/0,165/0,916 0.9 6,43 14,44 42,64
B2 0,817/0,183/0,833 1.8 6,42 14,28 42,16
B3 0,795/0,205/0,75 2.7 6,41 14,13 41,68
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B4 0,768/0,232/0,667 3.6 6,39 13,97 41,21
BS 0,733/0,267/0,583 4.5 6,38 13,82 40,72

Experimental engine tests performed at Power and transport machines engineering institute of
Vytautas Magnus University (VDU). A turbocharged Common Rail Direct Injection (CRDI) diesel engine
FIAT 192A1000 was implode for the experiments, basic design features and operational parameters of
which are listed in Table 2.

Table 2. Basic design and performance parameters of the engine.

Engine type Four-cylinder, in-line, turbocharged, JTD
Fuel injection system Common rail, direct injection (CRDI)
Engine displacement 1910 cm®

Bore x Stroke 82x90.4

Compression ratio 18.0:1

Rated power 85 kW (115 HP)

Maximal torque 255 Nm (EEC), at 2000 rpm

Maximum injection pressure 1400 bar (140+0.5 MPa)

Schematic view of the test stand, equipment, and measuring apparatus used during the experiments
shows Fig. 1. The basic operational parameters determined by measuring engine torque, rotation speed of the
crankshaft and turbocharger boost pressure during the experimental tests.
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Fig. 1. Schematic arrangement of the engine test stand: (1) AVL crank-angle encoder; (2) piezoelectric
in-cylinder pressure transducer; (3) fuel high-pressure line transducer at the injector; (4) air boost pressure
sensor in the intake manifold.

Load characteristics with diesel-HRD fuel blends involving ethanol (E) or biodiesel (B) components
achieved at the three engine speeds of 1500, 2000 and 2500 rpm with a special attention to the maximum
values of loads matching the respective bmep of 1.24, 1.37 and 1.40 MPa to have a wider view for sound
interpretation of the test results. Turbocharger boost pressure in the intake manifold was maintained at
constant value of p, = 1.60 bar to guarantee identical temperature of the incoming air and the combustion
conditions for both E and B fuel groups at the tested engine speeds.

A high-speed multichannel indicating system, which consisted of an AVL angle encoder 365C and
high-performance pressure transducer GU24D coupled to the AVL microlFEM piezoelectric amplifier and
signal acquisition platform IndiModul 622, has been employed for the recording, acquisition, and processing
of fast crank-angle gas pressure signals in the first cylinder. The profiles of net heat release rate in the
cylinder calculated by using averaged in-cylinder pressure-data summarized over the 100 engine-cycles,
instantaneous cylinder volume, and their first order derivatives with respect to crank angle. The productivity
and accuracy of the measured test results increased using of the experimental data post-processing Software
AVL CONCERTO™ advanced version 4.5.

The start of injection (SOI) recorded by using the Kistler piezoelectric pressure sensor ASMB 470004-
1 attached with a clamp adapter on a high-pressure pipe just in front of the injector. As the start of injection
was taken crank angle, at which the fuel pressure in a high-pressure pipe temporally drops down due to
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opening of the nozzle-needle-valve of the injector. As the start of combustion (SOC) was taken crank angle,
at which the net heat release-rate crosses the zero line and changes its value from the minus side to the plus
side. The auto-ignition delay determined as a period in CADs between the SOI and the SOC with an
accuracy of £ 0.1°.

The AVL BOOST software programme was adapted for numerical simulation to increase the potential
influence affecting variation range of fuel blends of various origins involving biofuel-oxygen mass contents
increased by the same increment rates within a wide range of 0 to 4.5wt% on the main parameters of the
combustion process. The experimental data collected from the university’s engine testing laboratory were
used in the numerical modelling. The data obtained from the experimental measurements such as the start of
combustion and combustion duration were taken for the numerical modelling at first. These data further
supported by the Vibe function shape parameter “m”, oxygen content in the tested fuel blends, operating
modes of an engine were processed by using MATLAB programme in order to reveal and describe the
potential influence of the fuel-oxygen on the combustion parameters.

THE ENGINE TEST RESULTS AND ANALYSIS

The auto-ignition delay period depends on the temperature inside the cylinder, overall air-fuel ratio
and the chemical structure of the fuel, if or when the blended cetane number remains of the same value. The
auto-ignition delay of a pilot fuel portion for the respective more ethanol (E4) and less biodiesel (B3)
oxygenated fuel blends unevenly increases to reach 10.2% and 6.8% higher levels against, 5.9° CADs, over
which the reference blend E0/BO catches on fire when running at the low speed of 1500 rpm (Fig. 2). The
auto-ignition delay unpredictable changes with increasing fuel-oxygen enrichment rate due to greater than
before temperature inside the cylinder after transition to a higher speed.
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Fig. 2. The auto-ignition delay as function of ethanol-oxygen or biodiesel-oxygen mass content in fuel blends
for the engine running under full (100%) loads corresponding to the respective bmep = 1.24, 1.37 and 1.40
MPa at speeds of 1500, 2000 and 2500 rpm.

Now, the auto-ignition delay period for blend’s E4 case converts to be relatively 1.5% higher and, on
the contrary, for biodiesel-oxygenated blend B3 it becomes relatively 1.5% lower than the reference blend
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EO0/BO suggests, 6.80 CADs, for maximum torque speed of 2000 rpm. Thus, the increase in the fuel-oxygen
mass content in the different ways affects the compression ignition delay at the tested speeds. Changes in the
ignition delay caused not only the increase in the fuel-oxygen mass content, but also contributed both the
increased with peed effect of air swirl in the combustion chamber and the widely differing physical
properties of the tested fuels. However higher density, kinematic viscosity and slower evaporation of
biodiesel droplets does not create significant disadvantages for the ignition process, despite the fact that 3.2
times more biodiesel was added to diesel-HRD fuel blends to maintain the same fuel-bound oxygen mass
contents as those used in ethanol-oxygenated blends.

However, the biggest changes in the auto-ignition delay period occur when running with fuel blends
involving biofuels of various origins at the high speed of 2500 rpm. The auto-ignition delay progressively
increases reaching the highest value of 8.2° CADs (10.8% longer) when running with blend E3, while when
using blend B4 it moves down to the lowest point of 6.4° CADs (13.5% shorter) than, 7.4° CADs, oxygen-
free blend EO/BO catches on fire under the same test conditions. Homogeneous combustible mixture with
about three-fold as much higher latent heat of vaporisation and lower heating value of ethanol contributes to
longer auto-ignition delay. The chemical structure of ethanol CH3CH2O0H, in which the hydroxyl functional
group (—OH) is attached to a carbon atom by a single, strong bound may worsen the auto-ignition process as
well. While the reduction of the auto-ignition delay with fuel blend involving biodiesel B4 can be reasonably
attributed to the fact that the air-fuel mixture involving biodiesel is a more heterogeneous and some part of
biodiesel-oxygen is in double bounds with radicals that increases the oxidation chances. For these reasons,
the fuels involving ethanol almost-always suggest the auto-ignition delay period longer than biodiesel-
oxygenated blends containing the same fuel-oxygen mass content with the differences between the two fuel
groups being higher the higher the speed of an engine [10]. The scientists Shropshire and Goering among the
first researchers noticed this phenomenon made by the ethanol injected into the intake manifold [11].
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Fig. 3. Maximum heat release rate as function of ethanol-oxygen or biodiesel-oxygen mass content in fuel
blends for the engine running under full (100%) loads corresponding to the respective bmep =1.24, 1.37 and
1.40 MPa at speeds of 1500, 2000 and 2500 rpm.
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As can be seen in Fig. 3, the increase up to certain degree of improvement in the fuel-oxygen
enrichment rate positively affects maximum (net) heat release rate (HRRm.), Which increases for the
respective E4 and B1 blends reaching relatively 2.3% and 2.2% higher values under overall air-fuel ratio of A
= 1.30 at the low speed of 1500 rpm. The HRR»x monotonously increases with the increase in the fuel-
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oxygen mass content suggesting for the respective E3 and B4 blends relatively 5.0% and 4.0% higher values
developed under overall air-fuel ratio of A = 1.25 at maximum torque speed of 2000 rpm as well. It is worth
to underline that maximum heat release rate in the kinetic combustion phase (Fig. 3) does not actually
depend on the noted changes in the auto-ignition delay of a pilot fuel portion (Fig. 2). This hypothesis rests
on the fact that, the HRR .« increases similarly for both fuel groups reaching with the respective E3 and B5
blends 3.5% and 9.9% higher values than that value of 65.5 J/deg. the combustion of the reference blend
EO0/BO produces under overall air-fuel ratio of A = 1.20 at the high speed of 2500 rpm. In general, maximum
heat release rate in (J/deg.) decreases with the increase in the engine rotational speed and this decrease
proceeds even faster in units of time (J/s) when running at the high speed of 2500 rpm, therefore a period of
time, which is available to perform each engine cycle, becomes extremely limiting factor.

Burn angle MBF 50 represents the center of a gravity of differential heat release curve and affects
fuel-energy conversion efficiency in the cylinder. The smaller the crank angle ATDC at which 50% of fuel-
energy releases in the cylinder, the lower are heat losses in the expansion stroke and thus higher thermal
efficiency an engine will be able to achieve. Analysis of the columns in Fig. 4 shows that a half portion
specified by burn angle MBF 50 of ethanol (E4) and biodiesel (B1) oxygenated blends burns relatively by
1.9% and 0.9% sooner in an engine cycle than oxygen-free blend EO/BO does under overall air-fuel ratio of A
= 1.30 at the low speed of 1500 rpm. The positive role of fuel-bound oxygen of both E and B origins in
relocating of specific angle MBF 50 close to constant volume combustion (ATDC) and thus reducing the
heat losses to the cooling system becomes even greater after transition to the higher speeds. As can be seen
in columns of Fig. 4, chemical and physical properties of a lighter and volatile ethanol positively affect the
combustion process and therefore specific burn angle MBF 50 almost-always is smaller when running with
ethanol-oxygenated blends possessing various fuel-oxygen enrichment rates rather than with their respective
biodiesel-counterparts s under identical overall air-fuel ratios and rotational speeds.
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As a result, plenty oxygenated blends E4 and B5 took advantage in promoting the combustion
process and thus specific burn angle MBF 50 reduces by 6.6% and 2.0% with regard to the reference value
of 15.1° CADs ATDC that oxygen-free blend EO/BO produces for overall air-fuel ratio of A = 1.25 at

CUyACH! TEXHOAOM B MAUWMHOSYAYBAHHI TA TRPAHCHORPTI, 2020, Nel (14)



© Labeckas G., Slavinskas S., Kanapkiené 1. 2020

maximum torque speed of 2000 rpm. Specific burn angle MBF 50 decreases proportionally to the increase
in the fuel-oxygen mass content reaching for the most oxygenated fuel blends of both E5 and B5 origins
relatively 4.2% and 3.0% lower values than that of 16.6° CADs ATDC the reference blend E0/BO suggests
for overall air-fuel ratio of A = 1.20 at the high speed of 2500 rpm. Thus, the positive role of the increased
biofuel oxygen mass content of both ethanol and biodiesel origins in the combustion reactions is higher, the
higher the speed of an engine and thus shorter is time-span available to efficiently perform each engine
cycle.

Maximum in-cylinder pressure developed by the combustion of the tested fuel blends decreases with
the increase in the rotational speed mainly because the turbocharger boost pressure was maintained of the
same value of p, = 1.60 bar for all engine speeds tested (Fig. 5). It is worth to note that the in-cylinder pressure
decreases with the increase in the fuel-oxygen mass contents of both E an B origins when running under
overall air-fuel ratio of A = 1.30 at the low speed of 1500 rpm. In result, the peak in-cylinder pressure
developed from combustion of oxygenated blends E4 and B4 is relatively 1.5% and 2.2% lower than that of
137 bar the combustion of the reference blend EO/BO produces under considered test conditions.
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fuel blends for an engine running under full (100%) loads corresponding to the respective bmep = 1.24, 1.37
and 1.40 MPa at speeds of 1500, 2000 and 2500 rpm.

The importance of fuel-bound oxygen in the combustion process increases with the increase in the
engine speed and therefore in-cylinder pressure pmax converts to be relatively 5.0% (E4) and 0.8 (B4) higher
than, 120 bar, the burned oxygen-free blend EO/BO produces for lower overall air-fuel ratio of A = 1.25 at
maximum torque speed of 2000 rpm. The relative increase in the peak in-cylinder pressure is of the same
value of 2.6% for both the combustion of less ethanol-oxygenated blend E3 and the most biodiesel-
oxygenated blend B5 produce for overall air-fuel ratio of A = 1.20 at the speed of 2500 rpm. Thus, relatively
more biodiesel-oxygen needed to attain the same increase in the maximum pressure value because the low
volatility of biodiesel with a bigger in diameter fuel droplets further aggravated by the highest initial/final
boiling points 346/366 with extremely limited interval between them negatively affects all the vaporization
intensity, the air-fuel mixing rate and thus the combustion process.
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The peak in-cylinder pressure-location angle Apmax from combustion of the most oxygenated fuels of
both E5 and B5 origins moves by 0.6 and 0.5 CADs with regard to the reference value, 10.4 CADs ATDC,
away from TDC with the increase in the fuel-oxygen mass content towards bigger cylinder volume at the low
speed of 1500 rpm (Fig. 6). As a result, the noted decrease in pmax 0ccurs at the low speed of 1500 rpm, and
vice versa, transfer of Apmax back to constant combustion volume positively affects sensitive interrelationship
between both parameters promoting the development of pressure pmax from combustion of the fuels of both E
(more) and B (less) origins at speed of 2000 rpm (Fig. 5). Thus, even negligible, relative relocation of
specific angle Apmax by 1.2 (E5) and 0.5 (B5) CADs towards TDC results into noticeable increase in the
maximum in-cylinder pressure in this particular case. This means, the smaller the in-cylinder volume
occupied by the flame is, the higher will be the peak in-cylinder pressure’s sensitivity to the potential Apmax
changes made by the increased fuel-oxygen mass content.
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Fig. 6. Changes in the location angle Apmax depending on ethanol-oxygen or biodiesel-oxygen mass content
in fuel blends for an engine running under full (100%) loads corresponding to the respective bmep = 1.24,
1.37 and 1.40 MPa at speeds of 1500, 2000 and 2500 rpm.

In contrast to the widely differing pmax and Apmax developing trends at the low speed of 1500 rpm, both
the combustion history related parameters demonstrate the simultaneous increase with the increase in the
fuel-oxygen mass content of both E and B origins after transition to the high speed of 2500 rpm. The relative
increase in specific burn angle Apmax initiated by the combustion of the most oxygenated (4.52 wt%) fuel
blends E5 and B5 compiles 0.1 and 0.5 CADs only. However, even a small change of the angle Apmax in a
company with the improved maximum in-cylinder pressure pms may contribute to faster development of
engine torque and power output that improves acceleration of a turbocharged CRDI diesel engine.
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PL1

lSBlg

SB2

Fig. 7. Numerical modelling of the combustion process in a diesel engine (4 cylinders, 82.0x90.4) by using
the AVL BOOST software programme. SB — system boundaries; PL1 — intake manifold, PL2 — exhaust
manifold, MP — measurement points; C — cylinders, E1 — engine parameters.

A simplified model of the AVL programme was selected for simulation of the combustion process in a
turbocharged CRDI diesel engine (Fig. 7). The needed geometrical data of specific engine elements are
imported on the basis of known geometrical parameters of a diesel engine FIAT 1.9 JTD to be employed in
the experimental research. The initial data required for numerical simulation: the start of combustion and
duration of combustion, Vibe function shape parameter “m” of heat release characteristics in the combustion
process and Vibe parameter “a” were generated by the MATLAB programme following the summarisation
of the experimental research results and having formulated the alteration characteristics of the combustion
process parameters. The developed simulation model allows quantifying and predicting of the influence of
ethanol-oxygen or biodiesel-oxygen mass content (0-4.5% wt%) in the blends on the combustion parameters.
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Fig. 8. Comparison between the numerical simulation and experimental data of the peak in-cylinder pressure
and maximum heat release rate for diesel-HRD fuels involving ethanol-oxygen or biodiesel-oxygen

As it follows from the analysis of Fig.8, there are some discrepancies in HRR, between both the
numerical modelling and the experimental data. The numerically simulated maximum heat release-rate from
combustion of the most ethanol-oxygenated blend E5 varies from being relatively 1.9% lower (0.98 MPa) to
9.3% higher (1.41 MPa), while the combustion of adequate percentage biodiesel-counterpart BS produces
HRRmax always from 2.3% (0.76 MPa) to 9.3% (1.51 MPa) higher than the respective experimental data
obtained at speed of 2500 rpm. In agreement to the noted discrepancies in the HRR.x, the computer-
generated maximum pressure pmax inside the cylinder also fluctuates within similar ranges of being relatively
10.4% lower at the low, 0.45 MPa, load to be 10.2% higher at medium, 1.20 MPa, load when using the most
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ethanol-oxygenated blend B5 under the same test conditions. While, the discrepancies in pressure pmax vValues
between the computer-generated values and the experimental data vary from being 6.7% lower (0.45 MPa) to
9.7% higher (1.20 MPa) when running with the most biodiesel-oxygenated blend B5 at the high speed of
2500 rpm. Thus, the coincidence of both HRRy.x and pmax Values between the numerical modelling and
experimental data is good enough as declared in Ref. [12], and the accuracy remains in more or less tolerable
variation limits for both E and B fuel groups. This shows the potentials of AVL BOOST programme as an
excellent tool for numerical simulation of the combustion processes in DI diesel engines.

CONCLUSIONS

Experimental and numerical investigation were conducted when running a turbocharged CRDI diesel
engine with diesel-HRD fuel blends oxygenated in the same percentages (0-4.52 wt%) with ethanol-oxygen
(E1-E5) or biodiesel-oxygen (B1-B5) under overall air-fuel ratios of A = 1,30, 1.25 and 1.20 at the respective
speeds of 1500, 2000 and 2500 rpm to reveal the fuel-oxygen-made effect on the combustion process.
Comparative analysis of the test results obtained with the above mentioned fuels possessing the same
blended cetane number value of CN = 55.5 revealed:

e The auto-ignition delay of a pilot fuel portion for the respective blends E4 and B3 is relatively 10.2%
and 6.8% higher at the low speed of 1500 rpm. It remains relatively 1.5% higher (E4) or converts to
be 1.5% lower (B3) at speed of 2000 rpm. But the biggest relative changes in the ignition delay
occur at the higher speed of 2500 rpm, - it progressively increases to the highest value of 8.2° CADs
(10.8% longer with blend E3) or moves down to the lowest point of 6.4° CADs (13.5% shorter with
blend B4).

o Maximum heat release rate in the first combustion phase does not depend on the auto-ignition delay
of a pilot fuel portion that is the fact particularly evident at the higher speed of 2500 rpm. While
HRRma IS relatively 2.3% (E4) and 2.2% (B1) higher when running at the low speed of 1500 rpm. It
predictably increases with the increase in the fuel-oxygen enrichment rate up to certain degree to be
relatively 5.0% (E3) and 4.0% (B4) higher at maximum torque speed of 2000 rpm as well.

e Burn angle MBF 50 is relatively 1.9% (E4) and 0.9% (B1) smaller at the low speed of 1500 rpm.
Positive role of the fuel-oxygen enrichment rate increases with the increase in engine speed and thus
blends E4 and B5 took advantage in reducing burn angle MBF 50 by 6.6% and 2.0% for maximum
torque speed of 2000 rpm. Specific angle MBF 50 from burning of the most oxygenated fuels E5 and
B5 is relatively 4.2% and 3.0% smaller the high rotational speed of 2500 rpm as well.

e The peak pressure pmax developed from combustion of blends E4 and B4 is relatively 1.5% and 2.2%
lower when running a fully (100%) loaded engine at the low speed of 1500 rpm. The importance of
the fuel-oxygen enrichment rate increases with the increase in speed, therefore pressure pmax converts
to be relatively 5.0% (E4) and 0.8 (B4) higher at speed of 2000 rpm. The relative increase in pmax is
the same of 2.6% the combustion of both E3 and B5 blends produces for the high speed of 2500 rpm.

e The peak in-cylinder pressure-location angle Apm.« moves away from TDC towards a bigger
cylinder volume by 0.6 (E5) and 0.5 (B5) CADs with the increase in fuel-oxygen mass content at the
low speed of 1500 rpm. Even negligible relative relocation by 1.2 (E5) and 0.5 (B5) CADs of angle
Apnax towards TDC results into noticeable increase of pmax at speed of 2000 rpm. While the relative
increase in the angle Apmax compiles only 0.1 (E5) and 0.5 (B5) CADs ATDC at the high speed of
2500 rpm.
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Jlabeukac I., Cnasunckac C., Kananxkuene U. Hccnedosanue enusanue Kuciopooa ¢ monsuee
PA3AUUHO20 HPOUCXOHCOCHUS HA npoyece czopanus 6 ousenvnom osuzamene CRDI ¢ mypoonaodysom.

B crarbe mpuBomMTCS aHaNM3 BIMSHHUS KUCIOPOZa B TOIUIMBE PAa3jIMYHOTO MPOUCXOXKICHHUS Ha
MPOIIECChl CAMOBOCIIIIAMEHEHHUS U cropaHust B au3eibHoM aBuraresie CRDI ¢ TypOonaiyBoM nipu cpeHUX
spdexTuBHbIX nasneHusx 1.24, 1.37 u 1.40 MIla pa3suBaembIx Tpu 00mKX KOIPPUIHMEHTaX H3OBITKA
Bozayxa A = 1.30, 1.25 u 1.20 Ha coorBeTcTByrommx 4vacrorax BpameHus 1500, 2000 u 2500 MUH
OKCIIepUMEHTaIbHBIE HUCCIEAOBAHUS W YHCICHHOE MOJISIMPOBAHNE BO3JEHCTBHS OWOTOILIMBHOTO
KHCJIOpOJIa Ha XapaKTepPUCTHKH TPOIEcca CTrOpaHMs BBIMOJHEHbI MpPU BbBIIIE YKa3aHHBIX CPETHHX
3¢ (EeKTUBHBIX NaBIEHUSIX W YCIOBHSX pPaOOTHI, HaWOOJee XapaKTEePHBIX I TYpOOHAIAYBHOTO IH3EIIS.
OreHKa KauYeCTBEHHBIX W KOJMYECTBEHHBIX U3MEHEHHI B XapaKTEPUCTUKAX MPOIlecca CrOpaHus BBITOHEHA
C YYeTOM XHMHYECKHX U (UIUUECKUX CBOWCTB CMeCEH JHM3ENbHOTO TOIUIMBA M THIPHUPOBAHHOE
B0300HOBIsIEMOT0 au3ensHoro tormuBa (HRD), oboramieHHBIX B OAMHAKOBBIX TpOIEHTax 1o macce 0
(EO/BO), 0.91 (E1/B1), 1.81 (E2/B2), 2.71 (E3/B3), 3.61 (E4/B4) u 4.52 wt% (E5/B5) kucmopomom
Pa3IUYHOrO MPOUCXOXKICHUS, - Oe3BoaHBIM (200 proof) stanosnom (E) win MeTHIIOBBIM 3HPOM ParicoBOro
Mmacnia (B) mpu ocTtaTo9HO BRICOKOM B 00€HX TOIUTMBHBIX TPyIIaxX HETaHOBOM yucie 55,5. CpaBHUTEIbHBIN
aHaJIM3 B KOJIMYECTBEHHBIX H3MEHEHMAX MIEPHO/IA 3a/IEPKKH CAMOBOCIITIAMEHEHHUS TIPEIBAPUTEILHON TTOPLUI
TOIUIMBA, cnienuduyeckoro yria cropanus MBF 50, makcumanbsHO# ckopoctH TerioBbiaeneHus (HRRmax)
W MaKCHUMAaJbHOTO JIABJICHWS B MWIHHApPE (PMAax) B WTOre NPHMEHEHHUS KUCIIOPOJOM OOOTameHHBIX
TormuBHBIX cMecedl E1-ES5 nmnm B1-B5 BbimonHeH ¢ y4eTOM COOTBETCTBYIOIIMX 3HAUYCHHWH MapaMeTpoB
3aMEepeHHBIX MPU paboTe JABUTATENS HAa HOPMalbHOM cMmecu (HONMb kuciopoaa) EOQ/BO ¢ 1espio BBISIBUTH
MOTEHIIMATBHBIC TCHICHITUH PA3BUTHS MPOIEcca CTOPaHUSI.

KnroueBrle cnoBa: /[M3eNbHBIN IBUTATENb; 3KOJIOrHYeckn urcToe TormnBo HRD; tommuBHBIE cMecH,
oOoraiieHHble 3TaHOJIOM M Ouoau3elieM; CaMOBOCIUIAMEHEHHE; IPOLIECC CrOpaHus; TEIUIOBBIIEICHUE;
MaKCUMaJIbHOE JJaBJICHHE B IIMJIHH/IPE.
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