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Comprehensive modeling study analyzing the insights of the NO-NO,

conversion process in current diesel engines

J. Benajes, J. Javier Lopez, R. Novella and P. Redén”
CMT-Motores Térmicos, Universitat Politecnica de Valéncia

Abstract:

Multiple researches have focused on reducing the NO, emissions and the greatest
results have been achieved when lowering the combustion temperature by employing massive
exhaust gas recirculation rates (LTC). Despite this benefit, a substantial increase in the NO,
contribution to the NO, emissions has also been observed, which is the most harmful specie and
is important for the design and positioning of the after-treatment devices. To understand how
NO, behaves and how it contributes to the total NOx (NO,/NO,), not only under LTC but also for
CDC conditions, a stepwise computational research study was performed with Chemkin Pro
software, due to the complexity of isolating the different phenomena studied, to analyze: 1)
general equilibrium conditions and 2) the influence of typical diesel engine phenomena

(combustion and cooling effects) under non-equilibrium conditions.

The results obtained under equilibrium state confirm the theoretical guidelines
established for the NO, formation process. When considering a combustion process (HCCl-like
mode), the previous results were corroborated as well as the fact that only poor or slow
combustion processes are responsible for the NO, formation. Additionally, it reflected a cyclic
process between NO and NO,, or in other words, it is suffice to just concentrate on NO to be
able to predict NO,. Finally, the results yield after analyzing some cooling effects, inherent to
how diesel engines work (the expansion stroke, dilution of combustion products with the rest of
in-cylinder charge and the one caused by wall impingement), reflect that: 1) the dilution effect

explains the 10% of the NO,/NO, ratio under CDC conditions and 2) the coupling of the dilution
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with the expansion stroke cooling effects can explain the NO, increase typical of LTC conditions.
These results were also supported by some experiments performed in a single-cylinder diesel
engine. Consequently, the cooling effect caused by dilution should be considered when

modeling the NO, formation just like the expansion stroke.

Keywords: Low temperature combustion, conventional diesel combustion, NO, emission, NO,

formation, 0-D modeling, diesel engines.

Nomenclature:

A/F: Air to fuel ratio CDC: Conventional diesel combustion
European Program on Emissions
EGR: Exhaust gases recirculation EPEFE: urop g- I I. ’
Fuels and Engine Technologies
Gas Research Institute chemical
D: Equivalence ratio GRI-Mech: o Y . !
kinetic mechanism
HCCI: Homogengous Ch'a'rge LTC: Low temperature combustion
Compression Ignition
N: Engine speed in rpm NO: Nitrogen monoxide
Initial nitrogen monoxide
NO,: Nitrogen dioxide NO;,: talnitrog . X
composition
NO,: Nitrogen oxides P: Pressure
P ixed Ch P
PCCI: remlxg arfgt'e P;,j: Injection pressure
Compression Ignition
PSR: Perfectly Stirred Reactor T: Temperature
T.a: Adiabatic temperature Yoz: Oxygen mass fraction

1.- Introduction:
Over the past two decades, the amount of exhaust gas pollutants emissions have been
significantly decreased due to the severe emission legislation imposed in Europe with the well-
known Euro Emission Standards, as it can be appreciated from Table 1. A similar situation can be

found in other countries worldwide.



DIESEL PASSENGER CARS
Emission Date CcoO NOXx HC+NOx PM (g/km)
Standard (g/km) (g/km) (g/km)
Eurol July ‘92 2.72 - 0.97 0.14
Euro 2 January ‘96 1.0 - 0.7 0.08
Euro3 January ‘00 0.64 0.5 0.56 0.05
Euro4 January ‘05 0.5 0.25 0.3 0.025
Euro5 September ‘09 0.5 0.18 0.26 0.005
Euro 6 September ‘14 0.5 0.08 0.17 0.005

Table 1.- Euro Emission Standards for diesel passenger cars.

Initially, the accomplishment of the standards was fulfilled by using after-treatment and
engine control devices (by far less sophisticated than current ones) coupled with a fully
optimized conventional diesel combustion (CDC). Currently, the restriction facing (Euro 5) and
the next to come (Euro 6), implies the need to change the diesel combustion process itself in
order to significantly reduce NO, (the sum of NO, NO, and N,O) emissions. Analyzing the
equivalence ratio - temperature map, (see Figure 1 adopted from [1]), where the soot and NO
formation regions are delimited, it's appreciable that the new research field has to focus on the
left part of the diagram represented in the Figure. This area corresponds to low local
temperature combustion and lots of research are now taking place developing and optimizing
new combustion modes, which includes: homogeneous charge compression ignition (HCCI),
premixed charge compression ignition (PCCl) and the mixing-controlled low temperature

combustion (LTC).
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Figure 1.- Predominant ¢-T working conditions for several new combustion modes [1].

Under these new combustion modes, interactions between hydrocarbons and NO, are
promoted due to the use of massive exhaust gas recirculation (EGR), main strategy to reduce
pollutant emissions by diluting reactants with burnt gases. By doing so, leaner mixtures and
lower combustion temperatures are reached affecting the NO, formation process and
composition. Regarding this latter aspect and even though the values differ between
experimentalists [2, 3, 4], it has been generally observed that the proportion of NO, engine-out
emissions increases above the typical range for CDC, i.e: 10% to 30% for different engine loads

and engine speeds [5].

In order to understand the reasons of such important increase in the NO,/NO, ratio it is
necessary to review the most important factors affecting the NO, formation. The first studies
were focused on the field of gas turbines, domestic combustion appliances and probing samples
and the results of these researches established the “guidelines” of the NO-NO, conversion

process, which are:

e Different authors [6-13] reported how the NO, formation takes place due to a
radical relaxation process mechanism as a consequence of the rapid cooling of
hot combustion gas. This process achieves significant NO-NO, conversion

throughout the HO, radical at low temperatures.



e Hori et al. [9, 11] and Marinov et al. [12] confirmed the strong temperature
dependency of the process, especially at low temperatures, and also showed
that this process was greatly promoted by ultra-lean conditions and by the
ability of the fuel to produce reactive radicals (O and OH). As the hydrocarbon
chain gets larger and increases its saturation degree, higher is the conversion
degree of the NO-NO, process.

e Bromly et al. [13] reflected the fact that a small amount of NO promotes the
oxidation of the fuel at atmospheric pressure and for different gas inlet
temperatures and different initial concentrations of ethylene, oxygen and NO.
This phenomenon was named by Bromly et al. as “mutually sensitized oxidation
of NO and fuel”, and is believed to control the NO, emissions as a consequence

of the fuel oxidation.

Nowadays, due to this substantial increase of the NO, emissions [14], the interest for
this phenomenon is high and multiple studies have been developed focusing on exhaust-out [15-
23] and engine-out emissions [24-32]. Concerning this latter group the main influence comes
from the fuel’s characteristics (i.e: blends and/or composition) and the influence of the
combustion process. A priori, higher NO,/NO, ratios are expected to be produced by the new
combustion modes, characterized by lower combustion temperatures, than conventional diesel

combustions.

Several authors [24-29] have analyzed the fuel’s effect on the NO, formation process. To
do so, they have considered different diesel compositions [24] and diesel blends (with hydrogen,
injected in the intake manifold, and oxygenated fuels) [25-29]. Generally speaking, it can be
assumed that fuels with high heating values and/or lower sulfur content will form less NO,. This
trend can be explained by higher combustion temperatures and higher cetane numbers (caused

by the hydroprocessing procedure, employed in refineries, to diminish the sulfur content),



respectively. Also it has been concluded that the higher the oxygen content available in the fuel,

lower is the NO, formation.

Regarding the combustion process [30-32], the most extended explanation for the new
combustion mode, characterized by low combustion temperatures, is that such increase in NO,
is formed by the reaction NO+0,=N0O,+0 and afterwards this formed NO, cannot reconvert back
to NO because of poor mixing and an overall slow combustion process [30-31]. This explanation
has been contextualized in a HCCl combustion mode scenario. In the case of LTC diffusive
combustion no further explanations have been developed besides the one proposed, in the
early stages of the NO, research, in which it was the result of a mixing process between cold

air/charge with hot combustion products.

Finally, it is also worth to mention that the starting point of the NO, formation relies on
the production or the presence of NO. Therefore all the guidelines regarding this NO formation
process [5, 33-36] must be also taken into consideration when analyzing the interactions

between both species.

2.- Objectives and Methodology:

The aim of the present paper is to understand the substantial increase, in comparison
with CDC, of NO, in the NO, emissions when operating at LTC conditions. This study will be
contextualized in HCCl and LTC diffusive combustion scenarios and the authors, with the
information reviewed previously, will assume as reference values a NO, content, in the NO,
emissions, of 10% and 30% for CDC and LTC conditions, respectively. Even though it may seem
that these values can influence the findings, the authors believe they are a good starting point
because they are widely described in scientific literature. Nevertheless, the derived results will
clearly reflect the differences between CDC and LTC conditions despite the reference values

used, specially when characterizing LTC conditions.



For this purpose, two parametric studies (constant and non-constant temperature
conditions) were performed at constant pressure (P = 10MPa) and assuming equilibrium and
non-equilibrium (non-steady) states by using the EQUIL and the PSR modules of Chemkin-Pro
[37], respectively. Finally, some of these results will be validated against real engine

measurements.

The constant temperature and equilibrium state analyses were performed to check if
the employed NO, sub-mechanism captures the main behavior of the NO-NO, conversion
process and quantify the NO,/NO, ratio under these unrealistic conditions. The temperature (T)
will ranged from 1000K to 2400K, the equivalence ratio (®) from 0.2 to 1 and two different EGR
rates (characterized by the oxygen mass fraction; Yy, = 0.23 & 0.1) with two different initial
concentrations of NO (NO;,: Oppm, and 200ppm) were used. The fact of choosing a Y, = 0.1 had
two main purposes. The first of them is to characterize the LTC conditions in coherence with the
criterion (Yo, = 0.127) used by multiple researchers [38-39] and the second is to analyze the

effect of massive EGR.

Note that the selected temperatures describe not only typical LTC combustion
temperatures but also typical fuel-air mixture temperatures for LTC and CDC conditions. The Yo,
= 0.1 was achieved by diluting the air with combustion products (CO,, H,O and N,) in the same
proportions as in a stoichiometric oxidation reaction between diesel fuel surrogate and dry air.
The two different concentrations of initial NO, chosen arbitrarily specially 200ppm, were
achieved by removing the same amount of N, as the NO introduced. It is worth highlighting that
even though these values have been established arbitrarily, the results of the present study will
reflect that the significance of this parameter is minor, at least, in the authors’ considered range

(0-200ppm).

The combination of the Yq, variable with NO,,; will illustrate realistic and fictitious cases,

in diesel engines, to help understanding the influence of the different parameters. These are:



Case A.- Lack of EGR (Yg,=0.23, NO;,; = Oppm)

Case B.- Air doped with NO (Yg,=0.23, NO;,; = 200ppm)

Case C.- Air highly diluted with EGR coming from low NO formation

operational conditions (Yo, = 0.1, NO;;; = Oppm)

Case D.- Fictitious EGR (Yo, = 0.1, NO;,, = 200ppm).

The non-constant temperature and non-equilibrium state simulations were performed
for several working conditions contextualized in: 1) single-zone homogeneous combustion
process, which resembles HCCI combustion mode and 2) several cooling effects predominant in
internal combustion diesel engines. Despite the fact that both scenarios are very distinct, the
fact that the second of them was considered was due-to the conclusions obtained from the first

one.

Other variables necessary to be taken into consideration to perform this research study,
are: a diesel fuel surrogate and the chemical-kinetic mechanisms, which are described in the

following paragraphs.

The diesel fuel surrogate chosen was n-heptane mainly due to its similar cetane number
with typical European diesel fuel [41] but also because it is considered a highly efficient fuel for
the NO-NO, conversion process following the Hori reasoning [12]. However, the main drawback
of using this single component fuel surrogate is the fact that it discards the NO formation
process by fuel’s nitrogen content and by aromatics contribution. On the one hand, the
extremely low contents of nitrogen in the refined liquid fuels used nowadays in the automotive
industry makes this route insignificant. On the other hand, it is well known that a higher
aromatic content causes an increase in NO, emissions. Nevertheless, the study performed by the
European Programme on Emissions, Fuels and Engine Technologies (EPEFE) [42] has

demonstrated, on light duty diesel engines conformed to EU 1996 and based on the complete



European driving cycle, that emission limits only experienced a 3.4% reduction of NO, with a
reduction of aromatic content from 8% to 1%. Taking into account that the maximum threshold
value for aromatic content in current fuels is 11%, it is presumable that this reduction
percentage won’t increase significantly. Nevertheless, this reduction was obtained for engines
operating under CDC conditions and therefore the influence of aromatic content is expected to
be even lower on the new diesel engines operating at LTC conditions. Consequently, the
inclusion of aromatics in the present kinetic mechanism would just increase the computational

cost without making a whole difference.

The employed chemical-kinetic mechanism was made up of the n-heptane oxidation
mechanism [41] coupled with the NO, formation sub-mechanism included in the GRI-Mech 3.0
mechanism [43]. This model describes extensively the NO, formation/destruction process by
taking into account the most important reactions dealing with the different NO, formation

pathways.

3.- Results and Discussion:

3.1.- NO,/NOy results for constant temperature analyses under equilibrium state at high
pressure

In order to have a general overview of how the NO-NO, conversion process behaves, a
parametric study assuming equilibrium state and summarized in Table 2, was performed across
a wide temperature (1000K < T < 2400K) and equivalence ratio (0.2 < @ < 1) range and at high

pressure (P=10 MPa) for the four cases, described in the previous section.

Equilibrium and Non-Equilibrium states working conditions
® range [-] Yoz [-] Temperature Range [K] NO;.i [ppm]
0.2-1 0.23;0.1 1000 - 2400 0
02-1 0.23;0.1 1000 - 2400 200

Table 2.- Description of the different mixtures considered in the present study.



The results for Case A (YO, = 0.23, NO;,; = 0 ppm) and Case C (YO, = 0.1, NO;,;= 0 ppm)

are plotted in Figure 2a and 2b, respectively, as the percentage ratio between NO,/NO, (grams

NO, * 100/grams NO,).
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Figure 2.- Equilibrium results of the NO,/NOx ratio as a function of equivalence ratio and temperature at
high pressure (10MPa) and with n-heptane as diesel fuel surrogate; a) corresponds to Yy, = 0.23 and NO;,;= 0, b)
corresponds to Yo, = 0.1 and NO;,; = 0 ppm.

These plots clearly reflect that the temperature is the predominant variable affecting

the process and, in minor extent, the equivalence ratio. Furthermore, by comparing both

figures, a reduction in the NO,/NO, ratio when the Yo, variable is reduced can be observed,

especially at low temperatures (T < 1400K): e.g. at T = 1200 K and ® = 0.7 a 10% in NO,/NO, is

obtained for the highly diluted scenario (Yo, = 0.1) instead of a 15% for Yo, = 0.23. At higher

temperatures the differences remain similar, if relative values are considered, but are

insignificant if considering absolute values (e.g: the greatest difference at 2000K corresponds to

® =0.2 and is from 1.5% to 2.3% for EGR and non-EGR conditions, respectively). This shows that

a reduction in oxygen content reduces the influence of the conversion process either by: 1)

reducing the production of NO, which further on, will be oxidized to NO,, 2) by inhibiting the

formation of key specie/s, or 3) a combination of both.
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These same simulations were repeated but in this case with NO;,; = 200 ppm (Case B and
Case D, respectively) and the results were plotted under the same axes in Figures 3a and 3b. As
it can be observed by comparing them with Figures 2a and 2b, no differences are appreciated.

This reflects that NO;, has no influence when considering equilibrium conditions.

Yo2 =0.23, NO;,i = 200ppm Yoz = 0.1, NO;, = 200ppm
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Figure 3.- Equilibrium results of the NO,/NO, ratio as a function of equivalence ratio and temperature at
high pressure (10 MPa) and with n-heptane as diesel fuel surrogate; a) corresponds to Yy, = 0.23 and NO;,; = 200, b)
corresponds to Yy, = 0.1 and NO;,; = 200 ppm.

These preliminary calculations illustrate when considering equilibrium conditions, higher
NO,/NO, ratios are expected to be yield at lower temperatures and higher oxygen mass
fractions while the initial concentration of NO has no relevancy. These findings are coherent
with the NO-NO, guidelines reviewed in the Introduction section and therefore it can be said
that this process is well described by the current NO, sub-mechanism included in the GRI-Mech
3.0 mechanism. In addition the NO,/NO, ratios achieved are substantially lower than the values
given in [5]: expected 30% NO, contribution for LTC conditions, where temperatures may range
from 2000 K up to 2200 K and high amounts of EGR are employed, and 10% for CDC conditions,
where temperatures are greater than 2200 K without or with minor EGR employment. These
discrepancies can be easily explained by the fact that the diesel combustion process in internal

combustion engines (ICE) is far from the equilibrium state.
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3.2.- NO,/NO, results for non-constant temperature conditions under non-equilibrium
state

3.2.1.- Combustion process

The next step was to check if the combustion process is responsible for the described
NO,/NO, values. For this purpose, the authors analyzed closely the time evolution of NO,, NO
and temperature, in four different situations, in the context of a single-zone homogeneous
mixture combustion process (HCCl combustion mode) and with the following initial conditions:
two different equivalence ratios (® = 0.5 & 0.9) and an initial temperature (T;,;) of 1000K. In this
scenario a third initial NO concentration, NO;,; = 40ppm, was chosen arbitrary in response to the
need of analyzing the possible effects of this variable throughout the whole combustion process

in a non-equilibrium state, see Table 3. The considered simulation time was of 10ms.

Combustion process simulation

Nomenclature from tion 2,
O] Tini [K] Yo [ NOyi [ppm] depc:en:incgao: sxid?zersfc:ngitions
0.5;0.9 1000 0.23 0 Case A
0.5;0.9 1000 0.1 0 Case C
0.5;0.9 1000 0.1 40; 200 Case new ; Case D

Table 3.- Description of the different mixtures considered for the simulation of the combustion process.

In this subsection, the temporal evolution of the two species being studied have been
plotted in Figures 4a, 4b, 4c and 4d. This will allow the authors to extract more observations

from the combustion process than just that related with the NO,/NO, ratio.
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0.9, Y,,=0.23 and NO;,; = Oppm, c)® = 0.5, Y,=0.1 and NO;,; = 0 ppm, d)@ = 0.9, Y,,=0.1 and NO,,; = Oppm.

Despite the influence of the simulation time, it is observed that as the temperature
increases the NO mass fraction increases while the NO, remains negligible for all the tested
cases with the exception of @ = 0.5, Yy, = 0.1. In this case the amount of NO, is even higher than
NO during the rapid temperature increase stage of the combustion process. Nevertheless,
shortly after the temperature stabilizes, the NO, concentration starts to diminish rapidly.

Despite this behavior it is important to note that both concentrations are negligible (< 0.01

ppm).
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These results corroborate the ones obtained in the previous scenario and demonstrate
that it is unlikely that the combustion process could generate the expected NO,/NO, increase

unless under very poor combustion conditions for current diesel engines.

In Figures 5a and 5b the influence of the initial NO concentration is plotted. For both
cases, these corroborate Bromly’s findings [13], as NO;,; increases so does the ignition delay for a
given equivalence ratio, and also highlights that the NO-NO, conversion process is cyclic and

consisting in two stages: 1) conversion of NO to NO, and 2) re-conversion of NO, to NO.

o= 05, Yoz = 01, NOini 20 ppm o= 09, Yoz = 01, NOim 20 ppm
2000
2000
1800 - Temperature, NO,, = 200ppm 1800 - Temperature, NO,. = 200ppm
< Temperature, NO;, = 40ppm . Temperature, NO,, = 40ppm
— 1600 <
o = 1600
2 I
® g 2
g 1400 S 1400
2 g
3 1200 ~ E 1200 4
1000 + 1000 -
800
= NO. NO,, = 200ppm — 800 NO, NO,,, = 200ppm
S 0.0003--—-- NO2, NOjnj = 200ppm |- - — = — ~ 5 L
P © 0.0003 |- ---- NO: = Smm— =
S NO, NO,, = 40ppm \\\ 3 Noz&go-":- 4;3;"”“ / )
L(,/_) NO2, NOjnj = 40ppm /» \\ I NO, NO,, = 40ppm ’ y‘
I
% 0.0002 - % 0.0002 | ’ ,‘
Z = !
S s ‘
2 0.0001 ‘2 0.0001
£ £ ‘
5 8 J\
0 4+~ e T 0+—————+ T e R,
1E-006 1E-005 0.0001 0.001 0.01 1E-006 1E-005 0.0001 0.001 0.01
Time [s] Time [s]
a) b)

Figure 5.- Temperature and NO composition time evolution for several operational conditions simulating a
constant pressure (P = 10MPa) HCCI combustion process at T;,; = 1000K: a)@ = 0.5, Y,=0.1 and NO;,; # 0 ppm, b) @ =
0.9, Y5,=0.1 and NO;,; # Oppm.

In the first stage, all NO,, is converted into NO, due to the formation of reactive radicals
involved in the process and promoted at low temperatures. During this period higher NO,
composition than NO,, is achieved. However such increment is not a consequence of an

additional NO, formation process, but instead is due to the higher molecular weight of NO, in

14



comparison with NO. This can be observed in Figure 6 where the time evolution of the molar

fraction of both species is plotted.
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Figure 6.- Check of the influence of the molecular weight as the factor behind the greater NO2 composition in
comparison with NO when representing the mass fraction of NO and NO,.

As time evolves and the temperature increases, due to combustion, the NO,
concentration diminishes in favor of NO (stage 2). The speed of this re-conversion is related with
the combustion temperature reached: the higher the temperature, the higher the re-

conversion. The final concentration of NO will strongly depend on the final conditions.

Consequently, the results from this scenario cannot explain, on its own, the increase

from 10% to 30%, moving from CDC to LTC conditions, neither the 10% at CDC.

3.2.2- Effect of cooling processes on the NO-NO, conversion

The results from the previous scenarios seem to suggest that the increase in the
NO,/NO, ratio can be a consequence of the cooling effects inherent to the diesel engine
operation: expansion stroke, the dilution effect of combustion products with fresh oxidizer
stream remaining in the combustion chamber and due to wall impingement. Nevertheless, this
latter effect won’t be analyzed because the mass impinging the walls is so minor that it won’t

significantly influence the NO, formation.
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To study their influence on the process, two different situations (corresponding to Case
A and C described in the Objective and Methodology section) were analyzed employing the

following procedure:

The influence of the expansion stroke on the NO, increase will be analyzed for two
different engine speeds (N = 1000rpm and 2000rpm) using a straight forward procedure. This
consists in determining the NO,/NO, ratio by using the single zone homogenous internal
combustion engine module of Chemkin (ICE) and the engine characteristics summarized in Table
4. This ratio will be plotted as a function of time in concordance with the rest of the plots in the

present paper.

Engine’s Characteristic Values
Stroke [m] 0.15
Bore [m] 0.12
Compression ratio [-] 144

Table 4.- Engine’s characteristics

oxidizer

== Flame Front

Fuel

H h
oxidizer Todom fathway @ @ =0.5

Local Temperature

Figure 7. Schematic representation of the dilution phenomenon of the combustion products, generated in
the flame front region, by the oxidizer stream and how it affects temperature, oxygen and fuel mass fraction.

The dilution effect will be contextualized in the diesel diffusion flame environment (see
Figure 7) where its relevancy is greater than under HCClI combustion. This process will be
simplified by considering adiabatic and constant pressure mixing phenomenon between: i) the

combustion products (determined by assuming equilibrium conditions for @ = 1 under the initial
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conditions described by the two cases (A and C, as mentioned above)) and ii) the remaining
charge stream (assume to have a constant composition and at a substantially lower temperature
than the flame’s temperature). Both the charge stream temperature and the mixing rate were
determined using the criterion of having an identical cooling speed than the dilution effect
(reference cooling curve), calculated using the two-stage Lagrangian model (TSL model) [44], for
two different injection pressures (Pi,; = 500bar and 1500bar) and considering the spray’s
baseline conditions summarized in Table 5. This 1-D spray modeling software is described in
great detail in Appendix A. Finally, it is worth to note that the authors are well aware that in the
flame front region the NO formation hasn’t reached equilibrium. However, by doing so the

effect of the simulation time on the NO and NO, formation process is discarded.

Variables Values
do [m] 1.4-10*
pr[kg/m"3] 830
Pa [kg/m"3] 20
T, [m] 1000
T: [K] 400
Fuel n-heptane

Table 5.- Spray’s baseline conditions.

To discard the reduction of NO and NO, as a consequence of the dilution effect due to

the entrainment of the charge stream the NO,/NO, ratio will be employed.

Figures 8a and 8b represent, for the non-EGR situation, the time evolution of the
temperature and the NO,/NO, ratio for the two studied phenomena: expansion stroke and
dilution by charge stream, respectively. Generally speaking, it can be observed that lower

temperatures yield higher NO,/NO, ratio.

17



3200

50

PR 3200 50
3 ° S N P, = 1500bar, Teer
2800 + %o 2800 P,,, = 1500bar, T
o r 40 Yo (NONO)., 1L 40
< 2400 — 1 Vs e —Q — Py, =500bar, T,
E‘ | % X 2400 N S~ ~ —O—— P, =500bar, T %
5 2000 - r30N 2 00 R —O— NOMNOY, 30
= =z = ~3 T =— >
o o ® e —9, — 3
g 1600 - < 8 R s
g N = 2000RPM, T r2035 o 1600 ST o0
5 O N=1000RPM, T = 5 =
= 12007 (NONO )z F 1200 4
800 4 | O (NOINO .o 10 800 10
400 ; ; : ‘ 0 400 ‘ M 0
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Time [s] Time [s]
a) b)

Figure 8.- Temperature evolution and NO,/NO, ratio due to different cooling effects typical in diesel
engines: a) expansion effect at two different engine speeds and b) dilution effects by considering two cooling
speeds.

A closer analysis of the two plots reflects that under these conditions the cooling effect
due to dilution could explain, by itself, the 10% NO,/NO, ratio described in literature. Therefore
it can be stated that the dilution effect will be the predominant factor to explain the ratio found
in literature for these conditions. In contrast, it is evident from these plots that the expansion

stroke is negligible independently of the considered engine speed.

The next situation resembles the use of high amounts of EGR from very low NO

formation combustions (LTC) and/or engine working conditions, Yo, = 0.1 and NO;,;= Oppm.

Under these conditions, Figures 9a and 9b, lower combustion temperatures but higher
NO,/NO, ratios are reached. Therefore, once more, the results confirm that the NO-NO,
conversion process is strongly enhanced at low temperatures. Additionally, it can be observed
how the cooling effect due to the expansion stroke (highest engine speed) is not negligible in

comparison with the rest of the results.
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Figure 9.- Temperature evolution and NO,/NO, ratio due to different cooling effects typical in diesel engines: a)
expansion stroke at two engine speeds and b) dilution effects by considering two cooling speeds.

In this situation, with massive EGR, the results suggest that the increase in the NO,
proportion could be explained by the combination of the cooling effects due to dilution and to

the expansion stroke.

3.3.- Real engine measurement of NO,/NO,

Finally, measurements in a real single-cylinder engine were performed to quantify the
proportion of NO, in the NO, emissions. The tested operating conditions are detailed in Table 6,
whereas the engine’s characteristics are described in the already presented Table 4. Regarding
the operating conditions, it can be observed that a parametric study has been performed,
changing the following parameters: the initial oxygen mass fraction, the engine speed (to modify
the speed of the cooling effect associated to the expansion process) and the injection pressure

(to modify the speed of the cooling effect associated to dilution).
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Test # 1 2 3 4 5 6
0, [%] 12 12 12 17 17 17
N [rpm] 1200 1200 1800 1200 1200 1800
Pinj [bar] 2100 1300 2100 2100 1300 2100
A/F [-] 19 19 19 19 19 19
Padm [bar] 2.53 2.53 2.53 1.42 1.42 1.42
m; [mg/cc] 90 90 90 90 90 90

Table 6. Conditions tested to validate the general trends observed in the present research

These results, plotted in Figures 10 and 11, corroborate the general trend observed

throughout the research presented previously:

For a given A/F ratio, an increase in EGR rate causes lower NO formation but
greater proportion of NO, due to a reduction of oxygen content available to

react.

The engine speed is especially relevant for cases with massive EGR, Yo, = 12%.
An increase of this variable causes an increase in the NO,/NO, ratio. This is due

to a quicker cooling process.

The injection pressure is not influence by the EGR rate. In both scenarios, the

ratio is similar.
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a) b)

Figure 10. Quantification of the composition of NO and NO, in real engine experiments at different injection
pressure, engine speed and oxygen mass fraction; a) 17%, b) 12%.

a) b)

Figure 11. Quantification of the NO,/NO, ratio in real engine experiments at different injection pressure, engine
speed and oxygen mass fraction; a) 17%, b) 12%.

Finally it can be deduced then that high speed engines are prone to form less NO, but
with a greater NO, content than other engines. This should be taken into consideration

especially for the optimization of after-treatment devices.
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4.- Conclusions:

After analyzing the results obtained, the conclusions that can be extracted from the

present study are the following:

1.- Generally speaking, the NO, formation is a consequence of a cycling NO-NO,
process which is strongly influenced by temperature and followed by oxygen mass

content and simulation time and, to a minor extent, by the initial NO concentration.

2.- The equilibrium results illustrate that the NO,/NO, ratio are much lower than
the well accepted range described in multiple combustion textbooks for CDC and for LTC
combustion modes. However, when performing non-steady state simulations for the
same working conditions it is appreciable that the NO,/NO,, for T < 1600K, is
substantially greater than the equilibrium values. This suggests that low efficient

combustion processes can indeed be responsible for the increase in the NO, formation.

3.- The non-equilibrium (non-steady state), non-constant temperature scenario
confirms that the combustion process, by itself, is not responsible for the increase in

NO, formation, from CDC to LTC conditions.

4.- Cooling effects (expansion stroke, dilution effect by oxidizer stream and wall
impingement) enhance the NO-NO, conversion process increasing the NO, formation

reaching the values described in the scientific literature.

a).- For CDC conditions the major contributor to the final NO,/NO, ratio

is the dilution effect.

b).- For LTC conditions, the combination of the cooling processes due to
the expansion stroke and the dilution effect are the main phenomena

influencing the increase of NO, formation when moving from CDC to LTC.

¢).- In both scenarios, CDC and LTC conditions, the cooling effect due to
wall impingement can be discarded due to fact that the mass colliding is so

minor that it won’t significantly influence the NO, formation.

5.- The measurements performed in real engines not only have validated the
results obtained in this research but also has highlighted that there is a big chance that

high speed engines, under massive EGR recirculation conditions, are more prone to
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produce higher NO, content than conventional engines even though less NOy are

formed.

6.- These cooling effects should be taken into consideration when modeling the

NO, formation process.

Acknowledgements:

The authors would like to acknowledge the contribution of the Spanish Ministry of Economic
and Competitively for the financial support of the present research study associate to the
projects TRA 2008-06448 (VELOSOOT) and TRA 2010-20271 (LOWTECOM). Additionally, special
acknowledgement to Dr. L. Pickett which kindly shared a copy of the TSL model to perform the

diesel spray simulations.

References:

1.- Desantes J.M., Lopez J. J., Reddn P., Arregle J. "Evaluation of the Thermal NO Formation
Mechanism under Low Temperature Diesel Combustion Conditions” International

Journal of Engine Research Volume 13 Issue 6, pp: 531-539, 2012.

2.- Liu Y., Amr A,, Reitz R.D. “Simulation effects of valve pockets and internal residual gas

distribution on HSDI diesel combustion and emissions” SAE Paper: 2004-01-0105. 2004.

3.- Hill P.G., McTaggert-Cowan G. P. “Nitrogen oxide production in a diesel engine fueled by

natural gas” SAE Transactions, Journal Engines vol. 114, n° 3, 2005.

4.- Uptanieks A., Mueller C. J.,, Martin G. C. “The influence of charge-gas dilution and
temperature on DI diesel combustion processes using a short-ignition delay, oxygenated

fuel”. SAE Paper: 2005-01-2088.

5.- Heywood J. B. "Internal combustion engines fundamentals". New York. Mc. GrawHill; 1988.

23



6.- Kramlich “Modeling and Measurement of Sample Probe Effects on Pollutant Gases Drawn

from Flame Zones”. Combustion Science and Technology Volume 18, Issue 3-4, 1978.

7.- Glaude P. A., Marinov N., Koshiishi Y., Matsunaga N., Hori M. “Modeling of the promotion
effect of NO to NO, conversion on the low temperature oxidation alkanes”. Energy and

Fuels, Volume 19, Issue 9, pp: 1839-1849, 2005.

8.- Cernansky N. P., Progress in Astronautics and Aeronautics ,Volume 53, AIAA, 1977, p. 83.

9.- Hori M., “Effects of Probing Conditions on NO,/NO, ratios” Combustion Science and

Technology, Volume 23, Issue 3-4, pp: 131-135, 1980.

10.- Sano T., “NO, formation in the Mixing Region of Hot Burned Gas with Cool Air”

Combustion Science and Technology, Volume 38, Issue 3-4, pps: 129-144, 1984.

11.- Hori M., Koshiishi Y., Matsunaga N., Glaude P., Marinov N. “Temperature dependence of
NO to NO, conversion by n-butane and n-pentane oxidation”. Proceedings of the

Combustion Institute, Volume 29, Issue 2, pp: 2219-2226, 2002.

12.- Marinov N., Pitz W., Westbrook C., Hori M., Matsunaga N. “An experimental and Kinetic
Calculations of the Promotion Effect of Hydrocarbons on the NO-NO, Conversion in a

Flow Reactor”. Proceedings Combustion Institute, Volume 21, pp: 1181-1185, 1986.

13.- Bromly J. H., Barnes F. J., Johnston R. C. R,, Little L. H., “The Effect of Vitiation on Trace
Pollutants from Domestic Gas Appliances”, Journal of Institute of Energy 58, pp: 188-

196, 1985.

14.- Bishop G. A., Stedman D.H. “Emissions of Nitrogen Dioxide from Modern Diesel Vehicles”

WIT Transactions on Ecology and the Environment, Vol 116, p.p: 247-254, 2008.15.

24


http://www.tandfonline.com/loi/gcst20?open=18%23vol_18
http://www.tandfonline.com/toc/gcst20/18/3-4

15.- Nova, I., Tronconi, E. , Chatterjee, D., Burkhardt, T., Weibel, M.NH3 SCR of NOx for diesel
exhausts aftertreatment: role of NO2 in catalytic mechanism, unsteady kinetics and
monolith converter modelling Chemical Engineering Science Volume 62, Issue 18-20,

September 2007, Pages 5001-5006.

16.- Tschamber, V. , Ehrburger, P. Catalytic effect of platinum on the kinetics of carbon
oxidation by NO2 and O2 Applied Catalysis B: Environmental Volume 76, Issue 3-4, 15

November 2007, Pages 235-240.

17.- Labesckas G., Slavinskas S. “Study of exhaust emissions of direct injection diesel engine
operating on ethanol, petrol and rapeseed oil blends”. Energy Conversion &

Management 50, pp: 802-812, 2009.

18.- Manigrasso, A , Darcy, P , da Costa, P. Modelling of a lean NOx-trap system with
NO/NO, SAE International Journal of Fuels and Lubricants Volume 3, Issue 2, December

2010, Pages 414-424.

19.- Olsen, D.B., Kohls, M., Arney, G. “Impact of oxidation catalysts on exhaust NO2/NOx ratio
from lean-burn natural gas engines” Journal of the Air and Waste Management

Association Volume 60, Issue 7, July 2010, Pages 867-874.

20.- Watling, T.C. , Ahmadinejad, M., Tutuianu, M., Johansson, A., Paterson, M.A.J.

Development and validation of a Pt-Pd diesel oxidation catalyst model SAE 2012.

21.- Bartley, G.J. , Sharp, C.A. Brief investigation of SCR high temperature N20 production

SAE 2012

22.- Czerwinski, J. , Zimmerli, Y., Chiesura, C., Mayer, A., Lemaire, J., D'Urbano, G. “NO2-

formation in diesel particle filter systems” SAE Paper: 2013

25


http://www.scopus.com/authid/detail.url?authorId=7004116228&amp;eid=2-s2.0-34547950513
http://www.scopus.com/authid/detail.url?authorId=22981948500&amp;eid=2-s2.0-34547950513
mailto:enrico.tronconi@polimi.it
http://www.scopus.com/authid/detail.url?authorId=7102524762&amp;eid=2-s2.0-34547950513
http://www.scopus.com/authid/detail.url?authorId=8682737700&amp;eid=2-s2.0-34547950513
http://www.scopus.com/authid/detail.url?authorId=7006327939&amp;eid=2-s2.0-34547950513
http://www.scopus.com/source/sourceInfo.url?sourceId=16413&origin=recordpage
http://www.scopus.com/authid/detail.url?authorId=6507189751&amp;eid=2-s2.0-35448974391
mailto:valerie.tschamber@uha.fr
http://www.scopus.com/authid/detail.url?authorId=7006790286&amp;eid=2-s2.0-35448974391
http://www.scopus.com/record/display.url?eid=2-s2.0-35448974391&origin=resultslist&sort=plf-f&src=s&st1=NO2+formation+aftertreatment&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a1780&sot=b&sdt=b&sl=62&s=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%3e+1999&relpos=16&relpos=16&citeCnt=26&searchTerm=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%26gt%3B+1999%23corrAuthorFooter
http://www.scopus.com/source/sourceInfo.url?sourceId=16343&origin=recordpage
http://www.scopus.com/authid/detail.url?authorId=41461590500&amp;eid=2-s2.0-79959524242
mailto:alexis.manigrasso@renault.com
http://www.scopus.com/authid/detail.url?authorId=15047866800&amp;eid=2-s2.0-79959524242
mailto:pierre.darcy@renault.com
http://www.scopus.com/authid/detail.url?authorId=7006149103&amp;eid=2-s2.0-79959524242
mailto:patrick.da_costa@upmc.fr
http://www.scopus.com/record/display.url?eid=2-s2.0-79959524242&origin=resultslist&sort=plf-f&src=s&st1=NO2+formation+aftertreatment&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a1780&sot=b&sdt=b&sl=62&s=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%3e+1999&relpos=9&relpos=9&citeCnt=1&searchTerm=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%26gt%3B+1999%23corrAuthorFooter
http://www.scopus.com/source/sourceInfo.url?sourceId=19700174712&origin=recordpage
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7202416919&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36343707200&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36343448100&zone=
http://www.scopus.com/record/display.url?eid=2-s2.0-77955624109&origin=resultslist&sort=plf-f&src=s&st1=NO2+measuring+emissions+diesel+combustion&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a3920&sot=b&sdt=b&sl=56&s=TITLE-ABS-KEY%28NO2+measuring+emissions+diesel+combustion%29&relpos=0&relpos=0&citeCnt=2&searchTerm=TITLE-ABS-KEY%28NO2+measuring+emissions+diesel+combustion%29
http://www.scopus.com/record/display.url?eid=2-s2.0-77955624109&origin=resultslist&sort=plf-f&src=s&st1=NO2+measuring+emissions+diesel+combustion&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a3920&sot=b&sdt=b&sl=56&s=TITLE-ABS-KEY%28NO2+measuring+emissions+diesel+combustion%29&relpos=0&relpos=0&citeCnt=2&searchTerm=TITLE-ABS-KEY%28NO2+measuring+emissions+diesel+combustion%29
http://www.scopus.com/source/sourceInfo.url?sourceId=25269&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=25269&origin=recordpage
http://www.scopus.com/authid/detail.url?authorId=6603193243&amp;eid=2-s2.0-84877184246
mailto:Tim.Watling@matthey.com
http://www.scopus.com/authid/detail.url?authorId=35621741900&amp;eid=2-s2.0-84877184246
http://www.scopus.com/authid/detail.url?authorId=37006194300&amp;eid=2-s2.0-84877184246
http://www.scopus.com/authid/detail.url?authorId=55429552800&amp;eid=2-s2.0-84877184246
http://www.scopus.com/authid/detail.url?authorId=55677298200&amp;eid=2-s2.0-84877184246
http://www.scopus.com/record/display.url?eid=2-s2.0-84877184246&origin=resultslist&sort=plf-f&src=s&st1=NO2+formation+aftertreatment&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a1780&sot=b&sdt=b&sl=62&s=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%3e+1999&relpos=4&relpos=4&citeCnt=0&searchTerm=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%26gt%3B+1999%23corrAuthorFooter
http://www.scopus.com/authid/detail.url?authorId=7103359294&amp;eid=2-s2.0-84877167334
mailto:gbartley@swri.org
http://www.scopus.com/authid/detail.url?authorId=7103090783&amp;eid=2-s2.0-84877167334
mailto:csharp@swri.org
http://www.scopus.com/record/display.url?eid=2-s2.0-84877167334&origin=resultslist&sort=plf-f&src=s&st1=NO2+formation+aftertreatment&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a1780&sot=b&sdt=b&sl=62&s=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%3e+1999&relpos=5&relpos=5&citeCnt=0&searchTerm=TITLE-ABS-KEY%28NO2+formation+aftertreatment%29+AND+PUBYEAR+%26gt%3B+1999%23corrAuthorFooter
http://www.scopus.com/authid/detail.url?authorId=7003805348&amp;eid=2-s2.0-84881208796
mailto:jan.czerwinski@bfh.ch
http://www.scopus.com/authid/detail.url?authorId=36657908200&amp;eid=2-s2.0-84881208796
http://www.scopus.com/authid/detail.url?authorId=55814765000&amp;eid=2-s2.0-84881208796
http://www.scopus.com/authid/detail.url?authorId=7201374516&amp;eid=2-s2.0-84881208796
http://www.scopus.com/authid/detail.url?authorId=55678725700&amp;eid=2-s2.0-84881208796
http://www.scopus.com/authid/detail.url?authorId=37065901900&amp;eid=2-s2.0-84881208796
http://www.scopus.com/record/display.url?eid=2-s2.0-84881208796&origin=resultslist&sort=plf-f&src=s&st1=NO2+formation+diesel+engines&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a120&sot=b&sdt=b&sl=62&s=TITLE-ABS-KEY%28NO2+formation+diesel+engines%29+AND+PUBYEAR+%3e+2009&relpos=6&relpos=6&citeCnt=0&searchTerm=TITLE-ABS-KEY%28NO2+formation+diesel+engines%29+AND+PUBYEAR+%26gt%3B+2009%23corrAuthorFooter

23.- Lefort, I, Herreros, J.M., Tsolakis, A. Reduction of low temperature engine pollutants by
understanding the exhaust species interactions in a diesel oxidation catalyst
Environmental Science and Technology Volume 48, Issue 4, 18 February 2014, Pages

2361-2367.

24.- Karavalakis G., Poulopoulos S., Zervas E. “Impact of diesel fuels on the emissions of non-

regulated pollutants” Fuel 102, pp: 85-91, 2012.

25.- Altin R., Cetinkaya S., Serdar Ylicesu, H. “The potential of using vegetable oil fuels as fuels

for diesel engines”. Energy Conversion & Management 42, pp: 529-538, 2001.

26.- Labeckas G., Slavinskas S. “The effect of rapeseed oil methyl ester on direct injection
Diesel engine performance and exhaust emissions”. Energy Conversion & Management

47, pp: 1954-1967, 2006.

27.- Saravanan N., Nagarajan G., Sanjay G., Dhanasekaran C., Kalaiselvan K. M. “Combustion

analysis on a DI diesel engines with hydrogen in dual fuel mode” Fuel 87, 2008

28.- Liew C,, Li H., Liu S., Besch M.C., Ralston B., Clark N., Huang Y. “H2-enriched heavy duty

diesel engine NO2 emissions” Fuel 93, pp:153-163, 2012.

29.- Liu S, Li H., Gatts T.,Liew C.,, Wayne S., Thompson G., Clark N., Nuszkowski J. “An
Investigation of NO2 Emissions from a Heavy-Duty Diesel Engine Fumigated with H2 and
Natural Gas” Combustion Science and Technology, Volume 184, Issue 12, pp: 2008-2035,

2012.

30.- Amnéus P., Mauss F., Kraft M., Vressner A., Johansson B. "NOx and N20 formation in HCCI

Engines". SAE Paper no. 2005-01-0126; 2005.

26


http://www.scopus.com/authid/detail.url?authorId=55815242800&amp;eid=2-s2.0-84894250198
http://www.scopus.com/authid/detail.url?authorId=16642541300&amp;eid=2-s2.0-84894250198
http://www.scopus.com/authid/detail.url?authorId=8298589700&amp;eid=2-s2.0-84894250198
mailto:a.tsolakis@bham.ac.uk
http://www.scopus.com/record/display.url?eid=2-s2.0-84894250198&origin=resultslist&sort=plf-f&src=s&st1=NO2+diesel+combustion&sid=1A8C8AF18F4FE8582CBF1E07D723AB11.ZmAySxCHIBxxTXbnsoe5w%3a2480&sot=b&sdt=b&sl=36&s=TITLE-ABS-KEY%28NO2+diesel+combustion%29&relpos=4&relpos=4&citeCnt=0&searchTerm=TITLE-ABS-KEY%28NO2+diesel+combustion%29%23corrAuthorFooter
http://www.scopus.com/source/sourceInfo.url?sourceId=21537&origin=recordpage
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Liu%2C+Shiyu)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Li%2C+Hailin)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Gatts%2C+Timothy)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Liew%2C+Chetmun)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Thompson%2C+Gregory)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Clark%2C+Nigel)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Nuszkowski%2C+John)

31.- Kung E. H., Priyadarshi S., Nese B. C., Haworth D. C. “A CFD Investigation of Emissions
Formation in HCCI Engines, Including Detailed NO, Chemistry” Multidimensional Engine

Modeling Users’ Group Meeting, 2006.

32.- Jaclyn E. Nesbitt Samuel E. Johnson Lyle M. Pickett Dennis L. Siebers Seong-Young Lee
Jeffrey D. Naber “Minor Species Production from Lean Premixed Combustion and Their

Impact on Autoignition of Diesel Surrogates” Energy & Fuels 2011, 25 (3), pp 926-936.

33.- Zeldovich Y.B. "The oxidation of nitrogen in combustion and explosion". Acta Physicochim

1946 (21); 577-628.

34.- Fenimore C. P., editors. "Formation of Nitric Oxide in Premixed Hydrocarbon Flames".
Proceedings of the 13th International Symposium on Combustion; 1971. Pittsburgh,

USA.

35.- Lavoie G. A., Heywood J. B., Keck J. C. "Experimental and theoretical study of nitric oxide
Formation in Internal Combustion Engines” Combustion Science and Technology,

Volume 1, pp: 313-326, 1970.

36.- Turns S. R. “An Introduction to Combustion. Concepts and Applications”. Ed. McGraw-Hill,

1996.

37.- Kee R. J., Rupley F. M., Miller J. A., Coltrin M. E., Grcar J. F., Meeks E., et al., "CHEMKIN

Release 4.0". Reaction Design, Inc., San Diego, CA; 2004.

38.- Kanda, T., Hakozaki, T., Uchimoto, T., Hatano, J., Kitayama, N., Sono, H., “PCCI Operation

with Early Injection of Conventional Diesel Fuel” SAE 2005-01-0378, 2005.

39.- Okude, K., Mori, K., Shiino, S., Moriya, T. “Premixed Compression Ignition (PCl)
Combustion for Simultaneous Reduction of NOx and Soot in Diesel Engine”. SAE 2005-

01-0378, 2005.

27


http://pubs.acs.org/action/doSearch?action=search&author=Nesbitt%2C+J+E
http://pubs.acs.org/action/doSearch?action=search&author=Johnson%2C+S+E
http://pubs.acs.org/action/doSearch?action=search&author=Pickett%2C+L+M
http://pubs.acs.org/action/doSearch?action=search&author=Siebers%2C+D+L
http://pubs.acs.org/action/doSearch?action=search&author=Lee%2C+S
http://pubs.acs.org/action/doSearch?action=search&author=Naber%2C+J+D

40.- Musculus, Mark P. B. “Multiple Simultaneous Optical Diagnostic Imaging of Early Injection

Low-Temperature Combustion in a Heavy-Duty Diesel Engine”. SAE 2006-01-0079, 2006.

41.- Farell J. T., Cernansky N. P., Dryer F. L, et al. “Development of an Experimental Database

and Kinetic Models for Surrogate Diesel Fuels”. SAE Paper 2007-01-0201, 2007.

42.- Asif Faiz, Christopher S. Weaver, Michael P. Walsh., “Air pollution from motor vehicles.
Standards and technologies for controlling emissions.” Ed. The International Bank. 1996.

ISBN:0-8213-3444-1.

43.- Gregory P. Smith, David M. Golden, Michael Frenklach, Nigel W. Moriarty, Boris Eiteneer,
Mikhail Goldenberg, C. Thomas Bowman, Ronald K. Hanson, Soonho Song, William C.
Gardiner, Jr., Vitali V. Lissianski, and Zhiwei

Qin http://www.me.berkeley.edu/gri_mech/.

44.- Broadwell J. E., Lutz A. E. “A Turbulent Jet Chemical Reaction Model: NOx Production in Jet

Flames” Combustion and Flame, 114:319-335 (1998).

28



Appendix A: Two Stage Lagrangian model calculations

In this Appendix a detail description of the calculation performed with the TSL model is
presented. The model requires the input of several variables in order to work, like: the air’s
composition (specially the initial oxygen mass fraction (Yoain)), the injection pressure (Piy), the
fuel and the air density (ps and p,, respectively), the fuel and the air temperature (T; and T,,
respectively), the nozzle orifice diameter (d,) and the fuel (n-heptane). All these variables with

their corresponding values are summarized in Table A.1.

Variables Values

d, [m] 1.4-10"

ps [kg/m’] 830

pa [kg/m’] 20
Ta[m] 1000

T¢[K] 400

Yozini [Mass fraction] 0.23and 0.1
Fuel n-heptane

Table A.1.- Summary of the inputs required and their values for the TSL model to work.

With these values, the equivalent diameter (deq) and the fuel’s speed (u,) is calculated

applying equation A.1 and A.2, respectively.

d., =d,- 'gi (Eq.A.1)
N [l
108"
U, = | 'Pi'"*"p | (Egq.A.2)

Afterwards, the mixture’s history along the axis and within time is possible to be

determined by applying the Ricou and Spalding equation (Eq. A.3), for the entrainment rate for
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non-reacting turbulent jets, and considering the momentum flux in the jet to be constant (Eq.

Ad).

m

m,

U=, U

032
i

£g

(Eq.A.

(Eg.A.3)

4}

With these basic principles of the spray’s theory and dividing the structure in

two different zones (flame front and flame core), each one characterized by a perfectly stirred

reactor (PSR), the temperature evolution is easily calculated. In the following plots the evolution

for the two P;; (500 and 1500bar), under the non-EGR and EGR situations (Yo,ini: 0.23 and 0.1,

respectively), are represented.
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Figure A.1.- Temperature time evolution for a diesel spray under the four different working conditions.

These temperature curves are considered to be the reference cooling speed,

depicted in discontinuous line in the text, for the cooling effect caused by the dilution of

combustion products with fresh oxidizer stream.

30



