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This study presents the influence of biodiesel fuel and blends with mineral diesel fuel on diesel engine
performance, the combustion process, and the formation of emissions. The study was conducted numer-
ically and experimentally. The aim of the study was to test the possibility of replacing mineral diesel fuel
with biodiesel fuel made from rapeseed oil. Pure biodiesel fuel and three blends of biodiesel fuel with
mineral diesel fuel were tested experimentally for that purpose on a heavy-duty bus diesel engine.
The engine’s performance, in-cylinder pressure, fuel consumption, and the amount of produced NOx

and CO emissions were monitored during experimental measurements, which were repeated numerically
using the AVL BOOST simulation program. New empirical sub-models are proposed for determining a
combustion model and emission models parameters. The proposed sub-models allow the determination
of necessary combustion and emission model parameters regarding the properties of the tested fuel and
the engine speed. When increasing the percentage of biodiesel fuel within the fuel blends, the reduction
in engine torque and brake mean effective pressures are obtained for most of the test regimes. The reduc-
tion is caused due to the lower calorific value of the biodiesel fuel. Higher oxygen content in biodiesel fuel
contributes to a better oxidation process within the combustion chamber when running on pure biodiesel
or its blends. Better oxidation further results in a reduction of the formatted carbon and nitrogen oxides.
The reduction of carbon emission is also attributed to the biodiesel fuel’s lower carbon content. It can be
concluded from the obtained results that neat biodiesel fuel and its blends with mineral diesel fuel can be
used in heavy-duty diesel engines with mechanically controlled injection systems as replacements for
mineral diesel fuel. The agreement between numerical and experimental results confirms the usability
of the proposed sub-model. The sub-models decrease time needed to preform numerical simulations
with a reasonable amount of confidence without experimental results.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction high efficiency levels. The biofuels’ physical and chemical proper-
Interest in the usage of biofuels is increasing yearly due to their
lower environmental impacts compared to fossil fuels, their contri-
butions to reducing greenhouse gas emissions, and their potential
for use as an alternative fuel. The usage of biofuel in Europe is also
promoted by the rising prices of neat diesel fuel, European Union
directives, and the Kyoto protocol directives [1–3]. Within the
European Union the transport sector contributes up to 19.7% of
total emissions released [4], which indicates huge potential for
future reductions in emissions, where biofuels can make a signifi-
cant contribution.

Compression ignition diesel engines are the most commonly
used engines in modern light- and heavy-duty vehicles due to their
ties highly depend on the raw materials used for biofuel produc-
tion and have a significant influence on combustion and emission
formation processes [1,5,6]. First-generation biofuels like bioetha-
nol and biodiesel have the largest scope among currently used bio-
fuels because they can be used in existing engines with only slight
modifications [7,8].

Several experimental tests should usually be conducted before
introducing new types of biofuel for commercial usage within
internal combustion engines. Diesel engine combustion, perfor-
mance, and emission formation can be quickly and precisely
described numerically using phenomenological combustion mod-
els [9]. These are based on the physical and chemical descriptions
of processes taking place within the combustion chamber and are
suitable for performing several parametric studies. Since the injec-
tion process in diesel engines can be predicted in advance [10] phe-
nomenological combustion models can be used for numerical
testing when introducing a new type of biofuel.



Nomenclature

Q heat (J)
I integral
a angle (�CA)
s duration (�CA/ms)
C constant/parameter
k density of turbulent kinetic energy
E energy (J)
k air excess ratio
CV calorific value (MJ/kg)
CN cetane number
X oxygen content

Subscripts
c cylinder
MCC mixing controlled combustion
PMC premixed combustion
IDCF ignition delay calibration factor
UB unburned zone
ref reference
id ignition delay
SOI start of injection
fv vaporized fuel
kin kinetic
f fuel injected
diff diffusion

stoich stoichiometric
f fuel
inj injection
turb turbulence
diss dissipation
epx experimentally obtained
ns numerically obtained

Abbreviation
D2 diesel fuel
B100 pure biodiesel fuel
B25 blend of 25% biodiesel fuel with D2
B50 blend of 50% biodiesel fuel with D2
B75 blend of 75% biodiesel fuel with D2
CO carbon monoxide
CO2 carbon dioxide
O2 oxygen
NOx nitrogen oxides
HC hydro carbon
MCC mixing controlled combustion
CA crank angle
BTDC before top dead center
L–M Levenberg–Marquardt
BSFC brake specific fuel consumption
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Biodiesel produced from rapeseed oil is the more commonly
used biodiesel fuel in European countries [10]. Kegl [11] and Hri-
bernik [12] performed several experimental tests using rapeseed
oil biodiesel. They observed that the higher density and kinematic
viscosity of rapeseed oil biodiesel influences the earlier starting of
the injection process, which increases the engine’s hourly fuel con-
sumption. The oxygen content of this biodiesel fuel reduces the
amount of produced CO, HC, and soot emissions. Due to a higher
cetane number and oxygen content of the biodiesel fuel, the igni-
tion delay interval and the amount of fuel burned during the pre-
mix part of combustion are reduced. The results of biodiesel’s
influence on diesel engine operation and emission formation
depend on the test-engine type and the biodiesel’s properties. This
thus sometimes causes the obtained results to be contradictory,
such as when comparing the results from [13] to the results of Kegl
[11] and Hribernik [12]. Increases in smoke, CO and HC emissions
were obtained during the study conducted by Qi et al. [13], where
they tested how the use of rapeseed oil biodiesel fuel blended with
conventional diesel fuel influences the combustion and emission
characteristics in two-cylinder agricultural diesel engines. Waste
cooking oils are also a very commonly used raw material for bio-
diesel production. Can [14] used two different waste cooking oils
provided from a cooking factory and fast food restaurant for the
production of biodiesel fuel. Two blends with 5% and 10% of biodie-
sel fuel were blended with diesel fuel and experimentally tested in
a single-cylinder, four-stroke DI diesel engine. An earlier start of
injection and combustion was also obtained when adding cooking
oil biodiesel fuel to the diesel fuel. An increase in brake specific fuel
consumption and NOx emissions was obtained when using biodie-
sel–diesel fuel blends. The addition of biodiesel fuel causes a
decrease in CO emissions at full engine load. The decrease in CO
emissions was also obtained by Arbab et al. [15] when using blends
of palm and coconut biodiesel fuel and by How et al. [16] when
using coconut biodiesel fuel in diesel engines. The usage of palm
and coconut biodiesel fuel also increases brake specific fuel con-
sumption under most test regimes in [15]. Awad et al. [17]
achieved a drastic reduction in hydrocarbon emission formation.
They used animal-fat residues collected from fat-traps to produce
biodiesel fuel using a two-step acid catalyzed process. Slighter
reductions of NOx and PM emissions were obtained when burning
animal fat residue biodiesel (AFRBD) while no significant changes
in CO emissions were noticed. Usage of AFRBD led to a reduction
of the ignition delay interval, which further influenced higher
peaks of in-cylinder pressure and higher exhaust gas temperatures.
Ethanol is considered a promising fuel oxygenizer that can con-
tribute to particulate matter (PM) emission reduction [18]. Adding
ethanol to diesel–biodiesel blends can help decrease the higher
blend kinematic viscosity and density caused by biodiesel fuel.
Tse et al. [19] concluded that diesel–biodiesel–ethanol fuel blends
reduce the lower brake specific particulate mass and brake specific
particular number of concentrations compared to diesel fuel. Zhou
et al. [20] tested how the addition of methanol to biodiesel fuel
influences performance, combustion, and emission characteristics
in reactivity controlled compression ignition (RCCI) engine. They
concluded that methanol could reduce CO and soot emissions at
high engine loads, where higher peak in-cylinder pressures and
larger premixed ratios were obtained. The influence of methanol
on biodiesel’s oxidation and emission formation in a diesel engine
was also tested in [21], where the indicated CO and soot emissions
were decreased by increasing the addition of methanol.

In the presented paper the influences of rapeseed oil biodiesel
fuel and its blends with diesel fuel on engine performance, com-
bustion, and emission formation processes were studied numeri-
cally and experimentally. The study was carried out on three
engine operation regimes under full engine loads. Numerical and
experimental testing was performed on optimal static fuel delivery
angles for each type of fuel, as determined in a previous paper [16].
The optimal static fuel delivery angles for used fuels and test
engine provide for the optimal agreement between all engine char-
acteristics like engine torque, specific fuel consumption, exhaust
gas temperature, etc. on several engine loads and speeds. The test
engine was placed on an engine test bed and equipped with a mea-
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suring system. Numerical simulations were performed using the
AVL BOOST simulation program and a mixing controlled combus-
tion model. A sub-model for determining the combustion model’s
parameter, as proposed in a previous paper [23], was improved
(optimized) in order to obtain more accurate parameter values
and final numerical results. Further a new sub-model for determin-
ing an emission model’s parameter values based on the used fuel
properties and engine speed is proposed in the presented paper.
The newly proposed sub-model for determining the emission mod-
el’s parameters and the optimized sub-model for determining the
combustion model’s parameters introduce novelties within engine
simulations. They were further used for calculating the needed
combustion and emission model parameters for all five tested
fuels. The determined values of model parameters allowed to
numerical repeat experimental measurements and to obtain the
in-cylinder emission formation results, which are hard to obtain
experimentally. Good agreement between the numerical and
experimental results validates the newly proposed and optimized
sub-models.

2. Test fuels

Neat mineral diesel fuel (D2) containing no additives and neat
biodiesel fuel (B100) produced from rapeseed oil, which is the
most commonly used biodiesel fuel in Slovenia, were used in the
present study. Their blends of diesel and biodiesel fuels were made
from pure diesel and biodiesel fuels. The blends were made in
three different volume ratios of biodiesel blended with diesel fuel.
The volume ratios of biodiesel fuel were 25% for B25, 50% for B50,
and 75% for the B75 fuel blend. The selected volume ratios of bio-
diesel consider the full interval (0–100%) of biodiesel–diesel fuel
blends. Some of the fuel properties presented in Table 1 were pro-
vided by the supplier, while others measured in [5,7,10,11]. The
test methods used for measuring fuel properties corresponded to
Table 1
Tested fuels’ properties [5,7,10,11].

Fuel Test method D2

Density at 15 �C (kg/m3) EN ISO 12185 838.8
Kin. viscosity at 30 �C (mm2/s) EN ISO 3104 3.34
Surface tension at 30 �C (N/m) (supplier) 0.02655
Caloric value (MJ/kg) ASTN D 4868 42.8
Cetane number EN ISO 5165 45
Stoichiometric air–fuel ratio – 14.7
Flash point (�C) EN ISO 2719 66
Carbon (C) mass fraction ASTM D 5291 0.86
Hydrogen (H) mass fraction ASTM D 5291 0.134
Sulfur (S) mass fraction ISO 20884 0.003
Oxygen (O) mass fraction (supplier) –
Water content (mg/kg) EN ISO 12937 50
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Fig. 1. Tested fuel
European or other test standards are also presented in the afore-
mentioned references. The fuels’ sound velocities were measured
at different pressures up to 700 bar and are presented in Fig. 1.
The presented properties of the fuels were implemented within
the numerical program in order to include the real properties of
biodiesel fuel and its blends with diesel fuel in numerical
simulation.

3. Experimental set-up

All the experimental measurements presented in this study
were performed on a 6 cylinder, naturally aspirated, water-
cooled, MAN D2566 MUM, four-stroke, heavy-duty diesel engine.
This engine was equipped with a Bosch PES6A95D410LS2542
high-pressure in-line injection pump, which delivered fuel to six
Bosch DLLA 5S834 injectors with one injection hole. The engine
has an M-combustion system and was placed on an engine test-
bed. The engine test-bed was equipped with a Zöllner B – 305 AC
eddy current engine dynamometer, which is designed for operat-
ing within a range of 0–6500 rotations per minute. It can measure
engine toque up to 2000 N mwith an accuracy of ±0.2%. Pressure in
the engine’s combustion chamber was measured using a Kistler
6001 piezoelectric pressure transducer mounted in the first engine
cylinder. This pressure transducer can measure dynamic pressure
up to 250 bar and has an accuracy of ±0.8%. The AVL Fuel Balance
730 dynamic measuring system was used for measuring engine
fuel consumption. The fuel consumption measuring was based on
the differences of fuel mass in the measuring vessel at specific time
intervals. The fuel consumption meter can measure fuel consump-
tion up to 150 kg/h and has an accuracy of ±0.12% of measuring
range. A RMG Messtechnik air-flow meter was used for measuring
the engine’s hourly air consumption. A chemiluminescence ana-
lyzer from Thermoenvironmental Instruments and a MAIHAK
UNOR 610 analyzer were used for measuring NOx and CO emission
B25 B50 B75 B100
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concentrations within the exhaust gases. A NOx analyzer can mea-
sure concentrations within the range of 0–10,000 ppm with an
accuracy of ±1% of measuring range. The amount of NOx molecules
in exhaust gases is measured based on the amount of detected light
emissions that appear as a bi-product of the chemiluminescent
reaction of NO + O3 in NO2 + O2. The concentration of CO emissions
in exhaust gases is measured based on the amount of infrared light
absorption through the exhaust gas sample. The accuracy of the
MAIHAK CO analyzer is 1%, with a measuring range from 0 to
1000 ppm. Omega type J thermocouples were used for measuring
the temperatures within different engine parts. They can measure
temperatures between �40 and 750 �C with accuracies of ±1.5 �C.
The computer application made in the LabVIEW program and the
data acquisition system were used for storing measured values.
All exhaust gas samples were adjusted and prepared according to
used measuring device standards.

Engine tests (operating) regimes, engine speed, and throttle
position (load) were the same for all fuels and correspond to three
points (2, 8, and 10) of the 13 mode ESC test. The engine was tested
on three different test regimes using different engine speeds (1360,
1700, and 2000 rpm). All the tests were made on full throttle posi-
tions where the maximal quantity of each tested fuel was delivered
for all engine speeds. The test engine obtained maximal engine
load for each tested fuel on all three test regimes. Optimal static
fuel delivery angels, determined in previous study [16], were used
for each fuel on all engine speeds.

The measurements were conducted within five sections; in each
section the different fuel was used on its optimal static fuel deliv-
ery angle [11]. Using the measured in-cylinder pressures traces
and the one-zone zero dimensional combustion model described
in [24] heat release curves were predicted. Engine specifications
and static fuel delivery angles for each fuel and are presented in
Table 2.

Experimental and numerical results of biodiesel’s influence on
injection systems’ operating conditions are not presented in this
paper. They were studied and detailed presented in previous work
[30].
4. Simulation model

The AVL BOOST simulation program was used for numerical
testing of test engine. The mixing-controlled combustion model
(MCC) developed by Chmela and Orthaber was used for calculating
the test engine’s performance and heat release. The concentration
of formatted CO emissions was calculated using an Onorati CO for-
mation model, while NOx emissions were calculated using the Pat-
tas and Häfner NOx emission model. Some of the important
combustion model and emissions model equations are presented
within the following sections. For detailed descriptions of the mod-
els refer to [22,25].
Table 2
Test engine specifications.

Engine type MAN D2566 MUM four-stroke
Gas exchange Naturally aspirated
Number of cylinders 6
Bore (mm) 125
Stroke (mm) 155
Total displacement (ccm) 11413
Compression ratio 17.5
Fueling Direct injection
Fuel pump BOSCH PES6A95D410LS2542
Injection nozzle BOSCH DLLA 5S834
Start of injection process (� BTDC) 23-D2; 22-B25; 21-B50; 20-B75; 19-B100
4.1. Combustion model

The MCC combustion model developed by Chmela and Orthaber
was used for calculating the test engine’s performance and condi-
tions within its engine combustion chamber. The model divides
combustion into premixed (kinetic) and mixing-controlled (diffu-
sion) combustion stages. The total released heat during combus-
tion Qc is the sum of the released heat during the premixing
stage QPMC and the released heat during the mixing-controlled
combustion stage QMCC:

Qc ¼ QPMC þ QMCC ð1Þ
Premixed combustion occurs when the ignition delay interval

ends and the fuel vapors mixed with air ignite. The duration of
the ignition delay sid and the crankshaft angle aid at which the igni-
tion delay ends and combustion begins were calculated using an
ignition delay model developed by Andree and Pachernegg
[25,26]. As soon as the ignition delay integral Iid reached the value
P1, the duration of ignition delay was calculated as:

dIid
da

¼ 1
CIDCF

� TUB � Tref

Qref
ð2Þ

sid ¼ aid � aSOI ð3Þ
where CIDCF represents the ignition delay calibration factor, TUB the
non-burned zone temperature, Tref the reference temperature and
Qref the reference activation energy, and aSOI is the start of the injec-
tion process which is defined by the injection rate curve.

The combustion process within the premixed part of combus-
tion is very fast because the fuels’ vapors are already mixed with
air. The rate of released heat in the premixed part of the combus-
tion was calculated using the well-known Vibe function, where the
shape parameter was set at 2 and the Vibe parameter at 6.9
[22,25]. The amount of combusted fuel mass injected during igni-
tion delay must be set by the user using a premixed combustion
model parameter.

The fuel injected after the start of combustion is burned during
the mixing-controlled stage of combustion. The total amount of
released heat at this stage of combustion was a function of the
vaporized fuel mass mfv available for combustion and the turbu-
lent kinetic energy density k within the cylinder. The rate of heat
released during the mixing-controlled part of combustion is writ-
ten as:

dQMCC

da
¼ Ccomb � mfv � QMCC

LCV

� �
�wO2;a � CRate �

ffiffiffi
k

p
ffiffiffiffiffiffi
Vc

3
p ð4Þ

where Ccomb represents the combustion constant, wO2;a the amount
of oxygen available for combustion, CRate the mixing rate constant,
and Vc the cylinder volume.

The combustion constant influences the fuel combustion speed,
Eq. (4). The local density of the turbulent kinetic energy is a func-
tion of the mixing rate constant and cylinder volume. It can be cal-
culated using the following equations:

k ¼ Ekin

mf ;inj � ð1þ kdiff �mstoichÞ ð5Þ

dEkin

dt
¼ 0:5 � Cturb � _mf ðv injÞ2 � Cdiss � E1:5

kin ð6Þ

where Ekin represents the fuel jet kinetic energy, mf ;inj the injected
fuel mass, kdiff the air excess ratio, mstoich the stoichiometric mass
of fresh charge, Cturb the turbulent energy production constant, _mf

the fuel mass flow, v inj the fuel injection velocity, and Cdiss the dis-
sipation constant.
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With usage of the turbulent energy production and dissipation
constants, the influence of the fuel spray jet kinetic energy and dis-
sipation process on the fuel combustion process is controlled. The
combustion model is described in more detailed in [25].

4.2. Emission formation models

The used emission model for the computation of NOx formation
is based on the Pattas and Häfner NOx formation model [27]. The
rate of NOx formation was computed using Eq. (7):

rNO ¼ CKM � 2 � ð1� a2
NOÞ �

r1;NO
1þ aNOR2

� r4;NO
1þ R4

ð7Þ

where CKM represents the NOx formation kinetic multiplayer, aNO

the ratio between the actual (calculated) cNO;act and equilibrium
cNO;equ NO molar mass, and ri;NO the reaction rates of the Zeldovich
mechanism.

The NO molar mass ratio could be calculated using Eq. (8):

aNO ¼ cNO;act
CPM � cNO;equ ð8Þ

The CO emission formation model used was based on the Ono-
rati CO formation model [28], which computed the final rates of
the CO products as

rCO ¼ CCons � ðr1;CO þ r2;COÞ � ð1þ aCOÞ ð9Þ
where CCons represents the CO formation kinetic multiplayer, ri;CO
the reaction rates and aCO ratio between the actual (calculated)
cCO;act and equilibrium cCO;equ CO molar masses, and is calculated
using Eq. (10):

aCO ¼ cCO;act
cCO;equ

ð10Þ

The equilibrium NO and CO molar masses of each tested fuel
were automatically determined from the program’s data base.
The program determines the equilibrium molar masses based on
fuel properties, air/fuel ratio, in-cylinder pressure and tempera-
ture. Emission models are described in more detail in [25].

5. Sub-models’ derivations

Section 4 indicated the high influence of the combustion and
emissionmodel parameter on the combustion and emission forma-
tion process. The combustion and emission model parameters are
usually determined based on user experience. Their final values
are further tuned by comparing the experimental and numerical
results, for which several simulation test runs are needed. This pro-
cess is very time-consuming and needs to be repeated for each
type of fuel, and tested on all test regimes. It is therefore inappro-
priate for larger numbers of simulations and it also does not allow
us to run numerical simulations without the results of experimen-
tal measurements.

5.1. Sub-model for determination of the combustion model parameters

An empirical sub-model for the determination of the combus-
tion model parameters was proposed in the previous work [23].
A selected combustion model parameters (CIDCF, Ccomb, and CPMC)
determination process was presented as an inverse problem that
was solved using the Levenberg–Marquardt (L–M) optimization
method. The selected combustion model’s parameters presented
design variables during the optimization process. Equations of
the empirical sub-model for determining combustion model
parameters were selected based on the determined values of the
selected combustion model parameters for pure diesel and pure
biodiesel fuel [23].
In the presented study the proposed sub-model from previous
work has been improved in order to obtain more accurate values
of model parameters and better agreement between numerical
and experimental results. In previous work [23] the proposed
sub-model equation forms (Eqs. (11)–(13)) were optimized for this
purpose.

CIDCFi;j ¼ x1 � enj � CNi þ x2 � nj � CNi þ x3 � n2
j þ x4 � nj þ x5 � CNi þ x6

ð11Þ

Ccombi;j ¼ x7 � enj � CVi þ x8 � nj � CVi þ x9 � n2
j þ x10 � nj þ x11

� CVi þ Xi þ x12 ð12Þ

CPMCi;j ¼ x13 � nj � CNi þ x14 � n2
j þ x15 � nj þ x16 � CNi þ x17 ð13Þ

In the presented equations nj represents the engine speed
divided by 1000 at a specific engine operating regime j, the CVi

calorific value, CNi cetane number of fuel i, and Xi fuel oxygen
content.

Optimization of the sub-model for determining the combustion
model’s parameters was presented as an inverse problem that was
solved using the L–M optimization method. The selection of opti-
mization method is described in detail in [29].

Optimization was then performed for diesel and for biodiesel
fuel on all three test regimes simultaneously, where the coeffi-
cients x1 � x17 of Eqs. (11)–(13) represent the design variable dur-
ing the optimization process. The experimentally measured in-
cylinder pressure trace was used as a fitting parameter within
the objective function for the optimization process. Performing
optimization for two fuels simultaneously on all three test regimes
determines the values of the combustion model’s parameters more
accurately than determined in the previous work. The following
forms of new (optimized) sub-models equations were determined
using the optimization process:

CIDCFi;j ¼ �0:00634 � enj � CNi þ 0:0385 � nj � CNi þ 0:861 � n2
j

� 3:155 � nj � 0:0318 � CNi þ 3:149 ð14Þ

Ccombi;j ¼ �0:713 � enj � CVi þ 2:750 � nj � CVi þ 156:834 � n2
j

� 452:724 � nj � 0:965 � CVi þ Xi þ 326:519 ð15Þ

CPMCi;j ¼ 0:00985 � nj � CNi � 0:864 � n2
j þ 2:0236 � nj

� 0:0255 � CNi � 0:202 ð16Þ
The presented equations of sub-models for determining com-

bustion model parameters were further used for calculating the
combustion model parameters’ values for all fuels tested.

5.2. A sub-model for determining the emission model’s parameters

Derivation of the sub-model for determining the emission mod-
els’ parameters was also presented as an inverse problem that was
solved using the L–M optimization method. The objective function
for optimization was defined for minimizing the difference
between the simulation results and the experimentally-obtained
results of the formatted NOx and CO emissions.

The values of the emission model’s parameters for D2, B100,
and B50 fuels were determined using the L–M optimization
method. Each emission model contained only one model parame-
ter, which was used as its design variable during the optimization
process. Their correct values depend on the used fuel properties
and engine speed and they must be determined accurately in order
to numerically simulate the real influences of tested fuels on the
emission formation process. From the determined values of the
emission model’s parameters, the forms of sub-model equations
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for determining the emission model’s parameters were selected
using a program made in Mathematica. The accuracies of the
equations’ forms were tested using the coefficient of determination
R2 and were greater than 0.97 for both selected equations, thus
providing good levels of accuracy for the selected equations of
the proposed sub-model.
CKMi;j
¼ u1 � eCIDCFi � nj þ u2 � enj � CIDCFi þ u3 � C4

IDCFi
þ u4 � n4

j

þ u5 � CIDCFi � nj þ u6 � CIDCFi þ u7 � nj � Xi þ u8 ð17Þ
CConsi;j ¼ u9 � ðCi � njÞ4 þ u10 � enj � C4
i þ u11 � eCi þ u12 � C3

i

þ u13 � n3 þ u14 � Ci � nj þ u15 � Ci þ u16 � nj � Xi þ u17 ð18Þ
The selected forms of the equation present only one of its possible
forms. The amount of produced NOx emissions highly depends on
the start of the ignition, which influences the rise of temperature
and pressure within the combustion chamber. Considering this
dependence, the NOx emission model parameter CKM was expressed
using the ignition delay calibration factor CIDCF, engine speed nj and
fuel oxygen content Xi. The CO emission model parameter was
expressed using fuel carbon content Ci, engine speed nj and fuel
oxygen content Xi, which all influenced the total amount of CO
emissions formed.

Determination of the final forms of the sub-model equation
was again presented as an inverse problem that was solved using
the L–M optimization method. The final forms of the sub-model
equations were determined using the optimization process, where
coefficients u1 � u17 from Eqs. (17) and (18) presented the design
variables. Simultaneous optimizations for three fuels on all test
regimes precisely determined the values of emission model
parameters.

The final selected equation forms of the sub-model for deter-
mining the emission model’s parameter were determined using
the optimization method, and are:
CKMi;j
¼ 176:9991 � eCIDCFi � nj þ 27:5126 � enj � CIDCFi

� 290:1173 � C4
IDCFi

� 0:9761 � n4
j � 366:0803 � CIDCFi � nj

þ 96:0399 � CIDCFi � 154:2509 � nj � Xi � 21:0714 ð19Þ
CConsi;j ¼ 1:6448 � ðCi � njÞ4 þ 0:4703 � enj � C4
i � 82736:836 � eCi

þ 38213:5855 � C3
i � 1:4288 � n3 � 3:5506 � Ci � nj

þ 110752:54 � Ci þ 9:929 � nj � Xi þ 75960:4979 ð20Þ
This newly proposed sub-model for determining an emission

model’s parameters allows us to calculate an emission model’s
parameter value based on used fuel properties. It was used for cal-
culating the emission models’ parameter values for all five tested
fuels on all tested regimes.
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6. Results

The influences of rapeseed oil biodiesel fuels and their blends
with mineral diesel fuel on engine performance, emission
formation, and the combustion process were tested experimen-
tally and numerically. The testing was performed on a 6 cylin-
der, heavy-duty, DI diesel engine equipped with a mechanical
injection system. Numerical simulations were made using the
AVL BOOST simulation program, mixing-controlled combustion
models, Pattas and Häfner NOx, and Onorati CO formation
models. The combustion and emission models parameters
were calculated using the proposed sub-models. The testing
was performed at three different engine speeds at full engine
loads.

Fig. 2 shows the numerically and experimentally obtained
results of engine rated torque for all three test regimes.

The results presented in Fig. 2 indicate that the highest experi-
mentally obtained engine torque was observed when using B25
fuel blend on all test regimes. Numerically obtained results indi-
cate the same trend as the experimentally obtained results, except
at 2000 rpm where the highest engine torque was obtained using
B75 fuel blend. The lowest engine rated torque was obtained
numerically and experimentally when using B75 fuel blend at
1360 and 1700 rpm and when using pure biodiesel fuel at
2000 rpm.

The lower caloric value of biodiesel fuel and its blends influence
the reduction of engine-rated torque on some test regimes com-
pared to diesel fuel. Higher biodiesel density influences on the
greater mass of injected fuel in used engine and injection system.
This to some extent compensates for the reduction of biodiesel fuel
calorific value and, as a result, in some test regimes the reduction
of engine-rated torque was not obtained when using some of the
fuel blends.

The presented results of engine torque show good agreement
between the numerical and experimental results. The numerical
results of engine torque are lower than the experimental results,
except for the results for the B50 fuel blend, where the numerical
results are higher than the experimental ones. The maximal differ-
ence between the numerical and experimental results of engine
rated torque is 5%.

Fig. 3 shows the numerical and experimental results of brake
mean effective pressure (BMEP).

Increasing engine speed decreases the experimentally obtained
brake mean effective pressure, Fig. 3. The numerically obtained
results for brake mean effective pressure show an increase in
BMEP, when the engine speed was increased from 1360 rpm to
1700 rpm, and a decrease in BMEP, when the engine speed was
increased to 2000 rpm. The lowest numerically and experimentally
obtained values of BMEP for all fuels on all operating regimes were
obtained at 2000 rpm. The decrease in obtained BMEP is also
caused by lower engine rated torque. Lower caloric value of biodie-
sel fuel also contributes to a reduction of BMEP on some test
regimes compared to diesel fuel.
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The maximal difference between the numerical and experimen-
tal results of BMEP is 4%.

The difference in biodiesel fuel properties influences the
advance start of the injection process in the used mechanical
controlled injection system [22]. This further influence on
greater amount of injected biodiesel fuel and its blends. The
greater amount of injected fuel increases hourly fuel consumption
and influences the brake-specific fuel consumption (BSFC),
which is increased when using pure biodiesel fuel or fuel blends,
Fig. 4.

Increasing the percentage of biodiesel fuel has an influence on
the brake-specific fuel consumption increase. The experimental
results show an increase in BSFC when the engine speed is
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increased, while the numerical results show a slight decrease in
BSFC when increasing the engine speed from 1360 rpm to
1700 rpm, and an increase in BSFC when the engine speed is
increased from 1700 to 2000 rpm. Maximal values of BSFC for all
tested fuels were obtained at 2000 rpm. The decrease in the
numerical results of BSFC is a result of different trends regarding
the numerical and experimental results of engine rated torque.

The maximal difference between the numerical and experimen-
tal results of BSFC is 6%.

Fuel chemical composition and the engine operating regime
influence the amount of formatted NOx and CO emissions, as pre-
sented in Figs. 5 and 6. The amount of emissions formed is also
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influenced by the start of injection, which depends on the tested
fuels’ properties and static fuel delivery angles.

The results of specific emissions indicate that when increasing
engine speed the amount of formatted NOx emissions is increased
and the amount of formatted CO emissions is decreased. The high-
est amount of specific NOx emission was numerically and experi-
mentally obtained at the maximum engine test speed for all
fuels, where we also obtained maximal in-cylinder pressure and
temperature. The highest amount of CO emissions formatted was
obtained at the lowest engine speed except for the experimental
results of B25 fuel blend, where the maximal amount of CO emis-
sions was formed at 1700 rpm. The lowest concentration of NOx

emission was obtained numerically when using the B75 fuel blend
at all engine speeds and experimentally when using the B50 fuel
blend at 1360 and 2000 rpm, as well as when using the B75 fuel
blend at 1700 rpm. The lowest concentration of CO emissions for-
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matted was obtained numerically and experimentally when using
pure biodiesel fuel on all engine speeds.

The numerical and experimental results of specific emissions
agree well. The maximal difference between the numerical and
experimental results was obtained using B25 fuel blend for NOx

and CO emissions. The average difference between the numerical
and experimental results for the obtained specific emissions was
5%.

Fig. 7 shows the in-cylinder pressure curves for pure diesel fuel
at 2000 rpm obtained using new and old sub-models for calculat-
ing combustion model parameters.

Simulation results, obtained with parameter values calculated
using the new sub-model, have better agreement with the experi-
mental results. The difference in the presented results between the
new and old sub-models is the most significant between 340� and
360� of the camshaft rotation angle. The presented results confirm
that new sub-model resolve the disadvantage of old sub-model for
determination of precise combustion model parameters values.
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This also increases our confidence in the numerical results
obtained.

Figs. 8–10 show the numerical and experimental results of the
in-cylinder pressure and rate of heat release (ROHR). The presented
results indicate that when using biodiesel fuel the maximal value
of in-cylinder pressure is decreased. The decrease of maximal in-
cylinder pressure values is a result of lower biodiesel fuel calorific
value and a retarded static fuel delivery angle. The numerical val-
ues for in-cylinder pressure are lower than the experimental value,
except for the B75 fuel blend, where the opposite trend can be
observed. The obtained curves of ROHR are typical for diesel engi-
nes using M-combustion systems, where diffusion combustion
dominates. At low engine speed transitions from kinetic to diffu-
sion combustion are noticeable. It clearly shows that the contribu-
tion of the kinetic part of combustion to the total amount of heat
released is rather small. Increasing engine speed further decreases
the contribution of the kinetic combustion phase to the total
amount of heat released. This small contribution of kinetic part
0

50

100

150

200

250

0

10

20

30

40

50

60

70

80

90

340 360 380 400 420

RO
HR

[J
/°

CA
]

Pr
es

su
re

[b
ar

]

Camsha� angle [°CA]

B25

0

50

100

150

200

250

0

10

20

30

40

50

60

70

80

90

340 360 380 400 420

RO
HR

[J
/°

CA
]

Pr
es

su
re

[b
ar

]

Camsha� angle [°CA]

B75

0

50

100

150

200

250

400 420

RO
HR

[J
/°

CA
]

[°RG]

Pressure - EXP
Pressure - NS
ROHR - EXP
ROHR - NS

er pressure and rate of heat release at 1700 rpm.



L. Lešnik, I. Biluš / Energy Conversion and Management 109 (2016) 140–152 149
of combustion is common for engines with M-combustion systems
where the majority of fuel is injected onto the combustion cham-
ber wall. The results of ROHR also indicate that when using biodie-
sel fuel or its blends the start of combustion is retarded.
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The agreement between the numerical and experimental
results for in-cylinder pressure is good and is within the range of
pressure transducer measuring accuracy. The numerical and exper-
imental curves of the rate of heat release have the same trends of
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premixed and diffusion combustion phases. The difference
between the numerical and experimental curves of ROHR can be
attributed to the difference in models used for their calculation
and is in the same range as in comparable studies, [20,21].

The tested fuel properties, static fuel delivery angle, and engine
speed influence the duration of the ignition delay interval. The
numerically-obtained results of ignition delay duration are pre-
sented in Fig. 11.

The numerical results of ignition delay indicate that increasing
the percentage of biodiesel fuel decreases the duration of ignition
delay. The highest decrease in ignition delay duration was obtained
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Fig. 14. Numerical results of emission formation
at the lowest engine speed. The decrease in ignition delay duration
is caused by the higher oxygen content and higher cetane number
of the biodiesel fuel.

The numerical results of the accumulated NOx emissions (NOx

accum.), accumulated CO emissions (CO accum.), and in-cylinder
temperature are presented in Figs. 12–14.

The obtained numerical results for in-cylinder temperature on
each test regime indicate that the maximal values of in-cylinder
temperatures are decreased when using biodiesel fuel within a
heavy-duty diesel engine. Lower in-cylinder temperatures are
caused by lower caloric value and lower in-cylinder pressure of
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biodiesel fuel and fuel blends. In general, an increase in engine
speed results in a higher maximal in-cylinder temperature, which
increases the thermal and total NOx formation rates, Figs. 5 and 6.

The presented results also indicate that the start of temperature
rise (start of combustion) is retarded when using biodiesel fuel.
Lower values of in-cylinder temperature have an influence on the
later start of NOx and CO emission formation. It also results in a
decrease of thermal NOx emission formation, which are the largest
contributors to the total amount of NOx emissions. From the pre-
sented results of accumulated emissions it can be concluded that
lower temperature decrease the NOx formation rate. The tempera-
ture drop around 380 �CA freezes the formation of NOx emissions.
The decrease in formation rate can also be seen for the results of
CO emissions. It can be concluded from accumulated amount of
CO emissions that CO formation rates of biodiesel are much lower
compared to diesel fuel. This can be attributed to difference in bio-
diesel chemical composition, which contains less carbon compared
to diesel fuel, Table 1. The final total amount of CO emissions for-
matted is decreased because of the chemical reaction between CO
and O2 molecules which are taking place in expansion stroke.
7. Conclusions

The present paper studied the influence of mineral diesel fuel,
pure biodiesel fuel and three blends of diesel and biodiesel fuel
on diesel engine performance, combustion, and emission forma-
tion characteristics. Testing was performed numerically using the
AVL BOOST simulation program, and experimentally using a test
engine placed on an engine test-bed. The following conclusion
can be made from the presented results:

(1) The lower calorific value of biodiesel fuel and its blends
influence the reduction of engine-rated torque on some test
regimes compared to diesel fuel.

(2) Higher density of biodiesel fuel increases the amount of
injected fuel. This further influences the increase of brake-
specific fuel consumption when increasing the percentage
of biodiesel fuel in the fuel blend.

(3) The different fuel composition of biodiesel influences the
reduction of NOx and CO emission when the percentage of
biodiesel fuel is higher than 25%.

(4) The use of biodiesel fuel reduces in-cylinder temperature,
pressure, and heat release rate, which reduces thermal NOx

emission formation.
(5) Higher oxygen content and a higher cetane number of bio-

diesel fuel reduce the duration of the numerical obtained
ignition delay interval. It also contributes to a better oxida-
tion process within the combustion chamber, which reduces
the CO emission formation rate.

(6) In general the numerical and experimental results agree
well. The good agreement between the numerical and exper-
imental results indicate that the proposed sub-models for
determining combustion and emission model parameters
are able to accurately determine the necessary parameter
values if the fuel’s properties and engine operating regimes
are known. We can conclude that the proposed sub-model
equations are suitable for calculation of needed combustion
and emission models parameters for all fuels used in the
presented paper.

(7) The usage of the proposed sub-models reduces the time
needed for the numerical testing of possible biodiesel fuel
usage within heavy-duty diesel engines. It also enables us
to run numerical simulations with a reasonable amount of
confidence without experimental results. An improvement
of the sub-model for determination of combustion model
parameters can be seen when comparing new simulation
results of in-cylinder pressure to the results presented in
previous work [23] in Fig. 7.

(8) The proposed sub-models derivation is based on the
measurement results for one test engine. In order to make
them more widely used, several different measurements
performed on different engines should be included in the
sub-models’ development. In this form, the proposed sub-
models can be used with reasonable confidence for deter-
mining necessary model parameters for engines that are
similar to our test engine.
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