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Resume

Automobiles with internal combustion engine using diesel fuel have large
harmful emissions of nitrogen oxides and soot, which affect the health of the
population and especially children and carbon dioxide, which is dangerous
for the planet as a whole. Biodiesel is used in Europe as an additive to
diesel fuel to reduce soot emissions (including carcinogens), as well as to
improve the balance of carbon dioxide on the planet. Using the biodiesel in
internal combustion engines tends to show higher nitrogen oxides emissions
compared to diesel. In this paper, the impact of flame temperature, ignition
delay and density on NOx formation of biodiesel and its component for
both stationary engine and automotive engine were analysed. Emissions of
nitrogen oxides increase with increasing load. In no-load modes, biodiesel
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1 Introduction

Developing promising methods to reduce
the environmental impact of the road transport on
environment [1-7], scientists are making great efforts
to ensure that transport is “green”. Automobiles using
diesel fuel have large harmful emissions of nitrogen
oxides and soot, which affect the health of the population
and especially children and carbon dioxide, which is
dangerous for the planet as a whole.

The ban on diesel engines in some European
countries leads to the fact that automobiles with these
engines are more sold and used in Ukraine. At the
moment, in Ukraine most of the buses with diesel
engines are more than 10 years old.

Biodiesel is used in Europe as an additive to
diesel fuel in order to reduce soot emissions as well as
carcinogens. Biofuels made from used vegetable oil and
animal fat residues are used in London; there are 9,500
buses in the UK. The UK has begun using biodiesel
made from coffee residues as fuel for city buses. To
operate one bus on biofuel (B20) mixed with diesel
fuel, only 2,550,000 cups of coffee are needed per year.
Biofuels consumption for transport in Slovakia peaked
at 175.4 kilotons of oil equivalent in 2017 [8]. By 2019, it
decreased by 30 kilotons of oil equivalent. At that time,
the country’s biodiesel consumption was at 127.9 kilotons
of oil equivalent [8]. The amount of bioethanol consumed
was significantly smaller compared to biodiesel.

Since biodiesel has higher nitrogen oxide emissions,
modeling nitrogen oxide emissions from road transport
is a very important task. It is impossible to solve this
problem without understanding the processes occurring
in internal combustion engines.

2 Analysis of previous research

The theoretical and experimental study of nitrogen
oxide emissions from use of the diesel fuel and biodiesel
in diesel engine was considered by scientists in [9-19].
Analysis of influence of factors on nitrogen oxide
emissions when using fuels containing oxygen, made
in [9]. In [10], the influence of individual molecules,
from which biodiesel is composed, on emissions of
nitrogen oxides is considered. Some aspects of spraying,
evaporation and combustion of biodiesel are shown in
[11-17].

Emissions of nitrogen oxides are highly dependent
on the temperature in the combustion chamber, as
well as on the concentration of oxygen that is present
in the combustion products [18]. Higher emissions of
nitrogen oxides from biodiesel are mainly because this
fuel usually has a slightly lower ignition delay than
diesel fuel. This shorter ignition delay increases the
maximum cylinder temperatures and pressures. All this
is due to the higher cetane number of fuel, which usually
biodiesel has, compared to diesel.
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Table 1 Emissions of nitrogen oxides for diesel fuel (D2) and its mixture with biodiesel fuel (B35) for various cycles

(DDC series 60)

WVU truck cycle WVU 5-mi route cycle
B35 D2 % B35 D2 %
16.597 16.957 2.123017 16.631 17.986 7.533637

Studies [18] carried out with Cummins engines for
the B35 mixture show that nitrogen oxides when using
biodiesel fuel increase only for relatively old engine
models (for example, Cummins 855). For the newer
engine models (DDC series 60), nitrogen oxide emissions
were slightly lower for biodiesel than for diesel. Nitrogen
oxide emissions were different for different test cycles of
trucks with engines, shown in Table 1.

It was shown in [10] that at the same injection time,
molecules with long chains of fatty acids had higher
emissions of nitrogen oxides than molecules with short
chains. Some molecules tend to form large emissions
of particulate and nitrogen oxides. For example, this
was observed in the case of unsaturated molecules
(with double bonds), when both NOx and particle
emissions increased with an increase in the degree of
unsaturation [10, 16]. Experiments [16] have shown
that polyunsaturated methyl ester (C18:3) produces the
largest amount of nitrogen oxides, which once again
confirms the fact that molecules with a longer ignition
delay produce more nitrogen oxides. Thus, experiments
show that nitrogen oxide emissions increase with the
number of double bonds unless the ignition delay is
deliberately changed.

As known, for a constant load (whether it is a fixed
start of injection or the start of combustion), the ignition
delay is correlated with NOx emissions. However, the
mechanism of this influence is not yet fully understood.
Optical diagnostics [10] showed that nitrogen oxides
are formed not at the early fast stages of combustion
(premixed combustion phase), but at a later stage of
diffusion combustion. Some researchers believe that the
rapid combustion of enriched fuels at low temperatures
results in significant emissions of nitrogen oxides. It has
also been shown that when a large proportion of the fuel
is burned during a fast initial combustion mode, it can
lead to an increase in the global temperature of the gas
in the cylinder, leading to more formation of nitrogen
oxides.

Fuel viscosity has a significant impact on NOx
emissions. Analysis of scientific works, where NOx
emissions were analyzed as a function of viscosity and
an increase in NOx with increasing viscosity at low
temperatures was revealed in [16]. Since the kinematic
viscosity of biodiesel is greater than that of diesel fuel,
this reduces fuel leaks during the injection and results
in higher pressure, as well as advanced injection times.
Advancement of the injection time increases the mass of
fuel injected, which, in turn, leads to an increase in NOx
emissions. Thus, it is possible to achieve a reduction in
NOx emissions by about 3.52% at a reduced viscosity of

soy methyl ester to the level of petroleum diesel fuel [16].

Although the number of publications on diesel fuel
has grown exponentially over the past 15 years, little
attention has yet been paid to study of influence of
various factors on the nitrogen oxide emissions from fuel
combustion.

3 Formulation of the problem

To reduce harmful emissions from motor vehicles
with internal combustion engines, a deep understanding
of the spontaneous combustion processes and combustion
of fuel is required. Fuel self-ignition is characterized
by the two main parameters: the initial temperature
(the minimum temperature at which the fuel can self-
ignite) and the ignition delay (the time between the
fuel injection and ignition). Those parameters depend
on the pressure in the combustion chamber, the type
and chemical composition of the fuel, etc. The chemical
kinetics of spontaneous combustion includes about
1000 chemical reactions and about a hundred fuel
components. An additional difficulty is that the rate
coefficients of all the reactions are not known and
the solution to this problem requires a lot of time
and finance since it is often associated with use of
a powerful computer. Researchers are working to reduce
the number of equations describing the combustion of
diesel fuel in internal combustion engines.

In order to tackle the problem of reducing the
NOx emissions from biodiesel for road transport, it is
important to have a deep understanding of factors that
influence these emissions and the ability to manage
them.

The purpose of this work was to analyze influence
of various factors on formation of the nitrogen oxides
in the internal combustion engine of motor vehicles
when using biodiesel. The objective of this work was
to determine correlations between the nitrogen oxide
emissions, fuel density, flame temperature and fuel
ignition delay.

4 Influence of various factors on formation
of nitrogen oxides

The NO emissions from the combustion of fuel in an
internal combustion engine can be calculated using the
following equation [9]:

d[NO]
dt

= 2k[ O] NVe], (1)
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Table 2 Temperatures of adiabatic flame T, for fuels and their components

Fuels (CH),, T, K
C16:0 0.463 2660
C18:0 0.467 2665
C18:1 0.492 2670
C18:2 0.493 2680
C18:3 0.522 2700
B100 0.522 -
D2 0.552 2700

where:
[NO] is the nitric oxide concentration,
[O] is the atomic oxygen concentration,
[N,] is the molecule nitrogen concentration,
k is the reaction rate coefficient.
The reaction rate coefficient can be described using
the Arrhenius equation as

k= ATPexp|—E/(RoT)], (2)

where:

E is the activation energy,

R, is the universal gas constant,
Ro=8—314[J-mol *- K]
T is the temperature,

A and B are constants.

Due to its strong temperature dependence,
the thermal NO emissions are largely ignored at
temperatures less than 1800 K. Miiller et al. [9] note
that the thermal NOx emissions tend to increase with
increasing the in-cylinder temperature, residence time
of the mixture in the cylinder at high temperature, the
concentration of oxygen atoms O, and nitrogen N,.

This paper analyzes influence of the flame
temperature, fuel density and fuel ignition delay on the
thermal formation of NOx in an internal combustion
engine.

4.1 Influence of the flame temperature

As a rule, the gases temperature in the engine
cylinder is estimated using the ideal gas equation, for
example, in [9]:

_ bV
= nko’ (3)

where:
p is the ambient pressure,
V is the cylinder volume,
n is the number of moles,
R, is the universal gas constant.
Inflame adiabatic temperature is understood as the
temperature of a mixture during combustion at constant

pressure without converting heat and without changing
the kinetic or potential energy. This temperature for
hydrocarbon fuels is closely related to the C/H ratio. If
this ratio increases, then the flame temperature also
increases. The CO, formation requires more energy
than H,0 formation. Thus, the C/H ratio can be used
to describe the influence of hydrocarbon composition
(including double bonds) on flame temperature. However,
for biodiesel fuels, this ratio may be less accurate. Miiller
et al. [9] recommended using the following ratio for fuels
containing oxygen:

1 1
¢ C—40-—%0-

Hy 7 , 4)

where O and O_ is the number of oxygen atoms with
single and double bonds, respectivly.

Using Equation (4), (C/H)_, is 0.552 and 0.522 for
diesel and biodiesel, respectively.

For the conditions of experimental studies in
a single-cylinder engine [8] (gas pressure 63 bars, fuel
temperature 95 °C, initial air temperature 910 K), the
adiabatic flame temperatures for various fuels and
constituent components (molecules) of biodiesel fuel are
shown in Table 2.

Consequently, the adiabatic flame temperature
for components (molecules) of biodiesel is lower than
for diesel fuel. Hence, one can expect lower flame
temperatures for biodiesel (B100) than for diesel.

It was assumed [12] that the average temperature of
gases in the cylinder during the fuel combustion will be
80 °K higher than the temperature obtained for an ideal
cycle. This assumption leads to the following calculation
formula for the adiabatic flame temperature T,

Ty = 298.15- 7" + 80, (5)

where r is the compression factor.

The adiabatic flame temperature obtained as
a result of calculations by Equation (5) during the
combustion of diesel fuel, which is 783.6 K (when
using the compression factor r = 17.5), seems to be
too low comparing to adiabatic flame temperature T ,
(see Table 2).
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4.2 Influence of the fuel density

The biodiesel density is greater than that diesel.
Modelling the density of biodiesel, as well as the
molecules, from which this fuel is composed, are
described in [13]. Vaporization of biodiesel fuel is
discussed in detail in [14]. Influence of the fuel density
on nitrogen oxide emissions is considered in [13].
Atomization of the high density fuels is inferior to low
density fuels, resulting in an increase of the diameter
of the fuel droplets. This increases the physical delay
in ignition of the fuel, which is the time from the start
of fuel injection until the chemical reaction conditions
are reached. During that period, the fuel is atomized,
evaporated, mixed with air and the temperature rises
to the autoignition temperature. A large physical delay
increases the maximum pressure during the initial part
of the combustion process; therefore, the maximum
temperature also increases, which, in turn, increases the
NOx concentration.

In this work, the technique described in [13-14]
is used for calculation of the diesel fuel components
(molecules) density.

4.3 Influence of the fuel ignition delay

Modeling the ignition delay for a molecule of
biodiesel fuel with the number of carbon atoms equal
to 10, without double bonds (C10: 0) at a pressure
of 20 atm, which is a part of biodiesel fuel, was
performed in [17]. It was concluded that the ignition
delay depends on the cetane number only at low and
medium temperatures and at high temperatures the
ignition delay is independent of the cetane number.

The following general trend has been observed,
which is that fuels with better ignition properties
(higher cetane number) have lower NOx emissions, since
they have a short lift off length (LOL), which means
a richer mixture and less heat released during the fuel
ignition [9]. Fuels with a higher cetane number tend to
be more saturated, that is, they have a lower C/H ratio
and lower adiabatic temperatures flame, which means
less nitrogen oxide emissions.

The ignition delay of biodiesel fuel molecules was
estimated from the dependences given in [17].

5 Modelling of nitrogen oxide emissions
for stationary engines and automobile
engines

In [12], the modelling of nitrogen oxides for
a stationary engine and an automobile engine are
considered separately. Calculation of nitrogen oxide
emissions (ppm) for automobile engines can be performed
using the following correlation [12]:

o 2
NEI = 20956.69 - p ,-[1 + C( 9.91/1000L + )]
1.608L — 18.431 (6)

-exp(2.9-ID — 19.627)- exp(4626.44/ Ty),

where:

p, is the fuel density, [kg/m’],

L is the load, [%],

ID is the ignition delay, [ms],

Tﬂ is the flame temperature, [K],

C =1 for load conditions, [%] (C = 0 — without load).
Calculation of the nitrogen oxide emissions (ppm)

for a stationary engine:

NEI = 20956.69 - p ,-[1 + C( — 5.740/1000L° + )]
0.0995L — 0.603 ()

-exp(0.948 - ID — 18.83)- exp(4626.44/ Ty).

Without considering the load, formulas are
simplified.

For a stationary engine, Equation (6) takes the
form:

NEI = 20956.69 - ps- exp(0.948 - ID — 18.83)-

-exp(4626.44/Tr). ®

For an automobile engine, Equation (7) takes the
form:

NEI = 20956.69 - ps-exp(2.9- ID — 19.627)-

-exp(4626.44/Tx). ®)

As can be seen from the comparison of Equations
(6), (8) and (7), (9), the difference is contained in the
ignition delay of the fuel. Researchers [12] believed that
the ignition delay of the same fuel should be different
in the conditions of stationary engines and automobile
engines. They made such a conclusion by comparing
the emissions of nitrogen oxides of these engines.
The ignition delay in [12] was found based on the
NOx emissions, as well as on the assumption that the
activation energy of NOx formation is constant for all
fuels and is equal to 38465.61 J/mol.

Tables 3 and 4 show the ignition delays and NOx
emissions at various loads when using a stationary
engine and an automobile engine, respectively.
Tables contain data that was obtained in [12]. The
comparison of NOx emissions for diesel and biodiesel
(crude rice bran oil methyl ester - CRBME) is shown
in Figure 1.

As can be seen from Figure 1, NOx emissions
increase with increasing load for both diesel and
biodiesel. The maximum emissions for the two fuels
are observed in the load range of 60-80%. In no-load
mode, as shown in a study [12], biodiesel has lower NOx
emissions than diesel.
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Table 3 Ignition delay (ID) and NOx emissions (stationary engine)

Load, % Diesel, ID [ms] NOx (ppm) Biodiesel (CRBME) NOx (ppm)
0 1.74 252 1.68 246
25 1.72 478 1.64 453
50 1.67 534 1.59 825
75 1.63 993 1.55 952
100 1.59 940 1.52 986
Table 4 Ignition delay (ID) and NOx emissions (automobile engine)
Load, % Diesel, ID [ms] NOx (ppm) Biodiesel NOx (ppm)
0 0.96 273 0.92 281
20 0.52 811 0.501 847
40 0.317 1041 0.304 1106
60 0.207 1343 0.198 1475
80 0.143 1384 0.137 1565
100 0.104 1116 0.099 1192
i
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Figure 1 Comparison of the NOx emissions for diesel and biodiesel
(CRBME) for the stationary engine (st) and car engine (a)

6 Modelling of nitrogen emissions for the
composed biodiesel components.

Of great interest for modelling are not only the
emissions of nitrogen oxides from biodiesel, but the
components from which this fuel is composed, as well.
Most often, biodiesel is made from vegetable oils with
addition of the methyl alcohol. Therefore, methyl esters
of fatty acids are the most common constituents of
biodiesel, the names, formulas and cetane number (CN)
of which are shown in Table 5. The presence of oxygen in
biodiesel (about 11%) is also considered to be one of the
reasons for the increase in NOx emissions [19].

The third column of Table 5 shows the designation
of methyl esters, where the numbers of carbons in
fatty acids and numbers of double bonds are shown by
numbers to the left and the right of “.”, respectively.
The biodiesel ignition delay can be calculated based on
the DCN (Derived Cetane Number) obtained from the
IQT (Ignition Quality Tester) test. In [20], the DCN

was calculated based on the ID value according to the
following formula: DCN = 4.460 + 186.6/ID.

From here one gets the ID value: ID =186.6/(DCN
- 4.460).

The latter formula was used to calculate the ID of
the biodiesel components.

Verification of Equation (8), as applied to
components of biodiesel fuel with the values of activation
temperature and flame temperatures, given in [12],
showed unrealistically large NOx emissions. Therefore,
for the calculations, the flame temperatures (T, ,) were
chosen, which are given in Table 2.

The activation energy of biodiesel fuel (38.465 kd/
mol), which is adopted in [12], also needs to be clarified.
In work [13], the activation energies of biodiesel and its
components were analyzed. The activation energies for
C18:1M, C10: OM and C12:0 M molecules are 67, 151 and
193 kd/mol, respectively. The activation energy of 67 kJ /
mol was taken for calculations, which gives an activation
temperature of 8058.38 K in comparison to 4626.44 K,

VOLUME 24
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Table 5 Values of cetane numbers of biodiesel fuel components obtained by different methods

Biodiesel components Formula Notation =~ CN (experiment) [20] DCI\i ((;I‘x)pfzr(i)r]nent CN (11[1(1)3’? lling)
methyl laurate C13H2602 (C12:0M) 66.7; 66.3; 66.7 - 61.1
methyl myristate C15H3002 (C14:0M) 73.5; 66.2 75.8 69.9
methyl palmitate C17H3402 (C16:0M) 74.5;74.3;74.3 85.9 74.4
methyl stearate C19H3802 (C18:0M) 86.9;75.6 95.6 76.3
methyl palmitoleate C17H3202 (C16:1M) - 56.6 51
methyl oleate C19H3602 (C18:1M) 56.0 59.8;56.6;59.3 572
methyl linoleate C19H3402 (C18:2M) 41.7 43.9; 38.2 36.8
methyl linolenate C19H3202 (C18:3M) 45.9; 23 37.0 21.6
methyl o-linolenate C19H3202 - - 22.1 -
methyl y-linolenate C19H3202 - - 29.2 -

Table 6 Calculated NOx emissions (NEI) of different biodiesel component for automotive engine and stationary engine

Component Density DCN D

T K

NEI (ppm) stationary engine NEI (ppm) - automotive

ad’ Equation (10) engine Equation (11)

C14:0M 865.0363 75.8 2.62 2555 33.67 43.73
C16:0M 863.2509 85.9 2.29 2660 21.81 24.87
C18:0M 861.8251 56.6 3.58 2665 73.39 140.40
C18:1M 874.2283 58.1 3.48 2670 67.32 123.72
C18:2M 886.6315 41.05 5.10 2680 313.90 1106.73
C18:3M 899.0347 37 5.73 2700 568.16 2585.49

SME 87T* 49.9*% 4.10 2700 118.43 280.09

* The cetane number and density values for soybean biodiesel fuel (SME) are taken from [9].

MU [ppm

B U [#1)

it A IE LRENE ez

[ W5 v ET

Figure 2 Comparison of calculated NOx of biodiesel components and SME with experimental NOx of CBRME
for the stationary engine (st) and automobile engine (a)

which was adopted in [12]. To simulate NOx emissions in
an automotive engine, the multiplier containing the ID
has also been changed to better match the experimental
data. Given the above changes, emissions of nitrogen
oxides (ppm) of biodiesel components (no-load mode) can
be modelled using the following formulas:

* in a stationary engine:

NEI = 20956.69 - ps- exp(0.948 - ID — 18.83)-

10
-exp(8058.38/Ty), (1o

¢ for automotive engine:

NEI = 20956.69 - ps-exp(1.35-ID — 19.62)-

-exp(8058.38/Tx). (1

Results of calculating the nitrogen oxides of biodiesel
components, as well as SME (soybean oil methyl ester)
according to Equations (10) and (11), are shown in Table 6.

The methyl ester density, shown in Table, 6 was
estimated based on the following formulas [21]:
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pPr= Puo— ar(T— 288.15),

250.718DB + 280.899

Emissions of nitrogen oxides increase with
increasing load. In the no-load mode, biodiesel has

pun = 851.471 + VR , (12) lower NOx emissions than diesel.
7.536 Since biodiesel fuels have the lower ignition delay
ar = n(7aeia) + 3.584 0.446, values than diesel fuel, this is the factor that
reduces the nitrogen oxide emissions.
where DB is numbers of double bonds, n_, is the An increase in the flame temperature contributes

number of carbons in fatty acids.

Figure 2 shows values of the nitrogen oxides of

components and SME, calculated by Equations (10)
and (11) in comparison to experimental data [12] for

to formation of more nitrogen oxide emissions.
Calculation of the flame temperature of diesel
biofuels and their components requires additional
research.

CBRME. Approximations were proposed and nitrogen oxide
emissions for the components (methyl esters of fatty
acids) of biodiesel are calculated based on the DCN

7 Conclusions value for these of the components.

The approximations for modelling of NOx emission

1. Flame temperature, ignition delay and fuel density for biodiesel components (methyl esters of fatty

are important factors influencing the formation of
nitrogen oxides in the internal combustion engine
of motor vehicles.

acids) were proposed and values of NOx for both
the stationary engine and automotive engine were
calculated based on the DCN value of the components.
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