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DODATOCNE VSTREKOVANIE PALIVA DO VALCA VZNETOVEHO
MOTORA AKO METODA ZNIZOVANIA NO,

THE DIESEL FUEL POST-INJECTION INTO ENGINE CYLINDER AS METHOD
OF NO, REDUCTION

Moznosti obmedzovania emisii NO, vo valci vznetového motora pri jeho konstrukcii alebo prostrednictvom prevadzkovych parametrov su
limitované. Preto sa robia stidie efektivnosti roznych metdd znizovania NO, vo vyfukovych plynoch. Metoda, ktorii pouZili autori, vyuziva redukc-
ného cinitela vo forme chemicky aktivnych uhlovodikov (radikdlov) z paliva. Aby sa ziskali ciastocne oxidované a tepelne rozlozené uhlovodiky,
aplikoval sa dodatocny vstrek (vstreknutie dalsej casti paliva) do valca vznetového motora v priebehu expanzie. Na vykonanie tejto funkcie sa
skonstruoval Specidlny system na doddavku paliva skladajiici sa z dvoch vstrekovacich cerpadiel. Jedno z cerpadiel vstrekovalo hlavnii (primdrnu)
davku paliva, druhé vstrekovalo dodatocnu davku paliva. Vstrekovanie oboch ddvok paliva bolo realizované rovnakym vstrekovacom. Vo vyfu-
kovom systéme jednovalcového testovacieho motora sa pouzil katalyticky konvertor a vsetky vyfukové plyny vytvorené spalovanim hlavnej ddvky
paliva a chemicky aktivované uhlovodiky pochddzajiice z dodatocnej davky paliva prechddzali cez konvertor. Na vyhodnotenie dosiahnutych
vysledkov sa definovali rézne postupy zamerané na efektivne znizovanie NO,. Pocas testov sa menil uhol vstreku hlavnej i dodatocnej ddvky
paliva (vzhladom na hornii wivrat) ako aj teplota, priestorova rychlost vyfukovych plynov prechddzajiicich cez konvertor a druh paliva.

Zistilo sa, Ze ak sa pouZije metdda redukcného Cinitela, je celkovy efekt redukcie NO, kombindciou efektov ziskanych vo valci selektivnou
nekatalytickou redukciou a ucinkov v katalytickom konvertore ziskanych selektivnou katalytickou redukciou.

The possibilities of limiting the emission of nitrogen oxides in the cylinder of the diesel engine by means of its design and operating para-
meters are limited. This is why studies of the effectiveness of various methods for NO,. reduction in exhaust gases are being undertaken. The
method used by the authors involves the utilization of a reducing agent in the form of chemically active hydrocarbons (radicals) from the fuel.
In order to obtain partially oxidized and thermally decomposed hydrocarbons, the post-injection of fuel (the injection of an additional portion
of fuel) into the diesel engine cylinder during the expansion stroke was implemented. To perform this function, a special fuel supply system
consisting of two injection pumps was designed. One of the pumps was injecting the main (primary) fuel dose, and the other one - the addi-
tional fuel dose. Injection of both fuel doses was accomplished by the same injector. A catalytic converter was used in the exhaust system of the
one-cylinder test engine, and all the exhaust gases produced in the combustion of the main diesel fuel dose and chemically activated hydrocar-
bons coming from the fuel post-injection (additional fuel dose) were passing through the converter. Various NO, reduction efficiency measures
were defined to evaluate the results obtained. During the tests, the additional diesel fuel dose and post-injection angle (relative to the TDC), as
well as temperature, space velocity of exhaust gases through converter and sort of diesel fitel were changed.

1t was found that using that method of the reducing agent dosage, the total effect of nitrogen oxide reduction was a combination of the
effects obtained in the engine cylinder by Selective Non-Catalytic Reduction (SNR) and the effects obtained in the catalytic converter by Selec-
tive Catalytic Reduction (SCR).

1. Introduction

The issue of NO, emission reduction pertains not only to diesel
engine exhaust gases, but also to the spark ignition, petrol-fuelled
engine. However, in the conventional spark-ignition engine, the
problem of particulates emission is not so important as in the
diesel engine, where particulates are produced during the com-
bustion of heterogeneous mixtures, specific to the diesel engine.
Nitrogen oxide emission in petrol engines has been limited to the
level imposed by the relevant standards by the common use of three-
way catalytic converters, reducing also other toxic constituents of

the exhaust gases (CO, HC). This concept is not useful in the
diesel engine whose exhaust gases contain a significant amount of
oxygen [4]. For this reason, research projects initiated currently
aim to develop efficient NO, emission reduction methods, based
on the proven technologies for NO, elimination from exhaust gases
typical for the chemical industry and power industry.

According to the results of tests [19, 22, 23], nitrogen oxides
generated in the process of burning diesel fuel in the diesel engine
can be reduced by two methods: Selective Non-Catalytic Reduc-
tion (SNR) and Selective Catalytic Reduction (SCR). The former

* Zygmunt Szlachta, Assoc. Prof., D.Sc., Ph.D., M.E., Jerzy Cisek, Ph.D., M.E.,
Institute of Automobiles and Internal Combustion Engines, Cracow University of Technology, 31-155 Krakow, ul. Warszawska 24, Poland.
Tel./Fax.: ++48-12- 6282047, E-mail: z.szlachta@usk.pk.edu.pl, jcisek@usk.pk.edu.pl

20 + KOMUNIKACIE / COMMUNICATIONS 1/2003



one is a thermal method, and it can be employed in the processes
of reduction taking place in the engine cylinder and partially in the
exhaust system owing to a relatively high temperature of exhaust
gases to which the reducing agent is added. However, outside the
cylinder, the effectiveness of this method is low because of a rapid
drop in the exhaust gas temperature. This temperature depends on
the diesel engine operating conditions and, in the exhaust systems,
ranges from 373 to 423K when the engine is idling, from 423 to
623K in urban traffic (low and medium loads and engine speeds),
and from 623 to 1023K on a highway. In order to employ the SNR
method to reduce nitrogen oxides it would be necessary to heat up
exhaust gases, which involves energy losses.

In the engine exhaust system it is more favourable to use a cat-
alytic converter which reduces NO, emissions by means of the
SCR method. An extensive development of this method, with an
application to engine exhaust gases, started in the eighties. Simi-
larly as in the chemical industry and stationary power plants, nitro-
gen-containing compounds, such as ammonia or urea, are usually
considered as nitrogen oxide reducing agents. Various test results
indicate that ammonia used in a catalytic converter to reduce the
concentration of nitrogen oxides in the diesel engine exhaust gases
provides high reduction efficiency exceeding 90%. The use of this
reducing agent is, however, not practical owing to its toxicity, explo-
siveness in a mixture with air, and also by a sharp and unpleasant
odour. Additionally, it would be necessary to use pressure vessels
for the transportation of ammonia. Consequently, urea as an indi-
rect source of ammonia seems to be more useful in this applica-
tion.

Urea used as a non-toxic source of ammonia is a safe reducing
agent. Additionally, its good solubility in water facilitates trans-
portation in diluted form. As a result of injecting urea into hot
exhaust gases (having a temperature above 430K) before the cat-
alytic converter, the first reaction taking place is the hydrolysis of
urea, during which ammonia and other compounds such as NH,
are produced (one kilogram of urea yields 0.566 kg of ammonia).
Assuming the NO to NO, ratio of 9:1, which is valid for the diesel
engine exhaust gases, it can be calculated that to reduce 1 kg of
NO,, about 0.67 kg of urea is needed [9]. The efficiency of NO,
reduction depends both on the reduction process conditions and
on the amount of urea used.

It must be emphasised that in order to use urea and/or ammonia
in traction engines it would be necessary to employ a costly system
dosing these reducing agents adequately to engine operating con-
ditions (NO, content of exhaust gases), and periodically replenish-
ing the tank with the reducing agent. It would be also necessary to
build a complete distribution system for ammonia or urea, and to
take protective measures against the effects caused by a potential
escape of toxic ammonia to the atmosphere from the engine
exhaust system. Thus the use of the selective catalytic reduction of
nitrogen oxides by means of nitrogen-based compounds is better
justified in industrial diesel engines or in engines installed on
ships, while for traction diesel engines powering motor vehicles it
is more appropriate to focus research activities on the use of other
reducing agents, such as hydrocarbons.
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2. Studies of NO, Reduction with Hydrocarbons

Publications on that subject usually describe the results of tests
conducted in laboratory conditions. Such tests usually involve the
reduction of nitrogen oxides contained in a mixture prepared from
gases stored in pressure gas vessels and having similar composi-
tion to that of the actual diesel engine exhaust gases. To investigate
the effects of NO, reduction by the SCR method, hydrocarbons
(also from a pressure gas vessel) were introduced into such gaseous
mixtures flowing through a catalytic reactor. Less results of tests
conducted with actual diesel engine exhaust gases are available. In
such tests, the following substances were used to reduce nitrogen
oxides: hydrogen H,, gaseous hydrocarbons CH,, C2H,, C;Hg,
etc. [7, 10, 12, 13], alcohols [4, 7, 14, 15] and hydrocarbons con-
tained in diesel fuel. Diesel fuel was usually injected into the exhaust
system, before the catalytic reactor [5, 10, 12, 13, 17, 18].

Because of its temperature, the location where hydrocarbons
are added to exhaust gases has a considerable influence on the
process of nitrogen oxide reduction, as it is related to the amount
and chemical activity of radicals generated during the initial decom-
position of hydrocarbon molecules. The most favourable solution
seems to be the injection of an additional hydrocarbons directly
into the cylinder, where they would be subjected to the initial
decomposition. High temperature of the working medium and longer
time of the initial decomposition of hydrocarbon molecules would
be the advantages of such a solution. Considering possible engi-
neering applications, the method of dosing the reducing agent into
the cylinder has more advantages. This method was used in the tests
described here, where additional hydrocarbons (contained in diesel
fuel) were introduced directly into the engine cylinder, as a result
of the post-injection of an additional, small portion of fuel, during
the expansion stroke. Contrary to the main fuel dose injected during
the compression stroke, the additional fuel dose did not have any
influence on the engine output power.

In order to chemically activate the hydrocarbons, the addi-
tional fuel dose injected into the cylinder should undergo a similar
physical and chemical transformation as in the autoignition delay
period, i.e. it should produce the so-called cool flame, without
reaching the hot flame state (i.e. autoignition and combustion). In
such conditions, as a result of thermal decomposition of hydrocar-
bon molecules and their initial reactions with oxygen contained in
the exhaust gases, chemically active molecules of hydrogen H,,
radicals R* (hydrocarbon molecule after loosing one hydrogen
atom), HO,, ROO" and atomic hydrogen H' are produced, demon-
strating strong NO,-reducing properties. This method of injecting
additional fuel dose into the cylinder causes some portion of the
products of partial oxidation of hydrocarbons to react with nitro-
gen oxides yet in the engine cylinder (because of high temperature
inside it). Consequently, a part of nitrogen oxides is subjected to
thermal reduction. It must be noted that the radicals taking part in
the process of nitrogen oxide reduction may be also contained in the
products of water, carbon monoxide, and carbon dioxide dissoci-
ation, generated by burning the main fuel dose [19, 22, 23].

Reactions of NO, reduction taking place in a catalytic reactor
have different course than thermal reactions, and their mechanism
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depends not only on the reducing agent type, but also on the
reactor type used. Iwamoto, who first started to use hydrocarbons
for NO, reduction in the diesel engine exhaust gases by the SCR
method, proved that in the Cu/ZSM-5 zeolitic reactor, reducing
agents such as C,H,, C;H¢, C,Hy and alcohols demonstrate selec-
tive reducing capability, while H,, CO and CH, are non-selective
reducing agents with respect to nitrogen oxides [ 11]. This indicates
that the level of NO, reduction depends on the selective capabil-
ity of particular reducing agents. In the case when diesel fuel is
used as the reducing agent source it is difficult to determine its
selective capability, because it depends on the percentage of par-
ticular hydrocarbons or hydrocarbon groups in the fuel. According
to [6, 14], aromatic hydrocarbons are the best reducing agents, fol-
lowed by olefins, paraffins, and aldehydes. It must be remembered
that depending on the engine operating conditions, the composi-
tion and amount of unburned hydrocarbons change continuously.
Apart from the selective capability of the reducing agent and the
exhaust gas temperature, at the same relative volumetric flow rate
of exhaust gases SV, the efficiency of NO, reduction is influenced
also by H,0, SO,, and O, [13]. The mechanisms of NO, reduc-
tion in a catalytic converter have been investigated in many papers
summarized in [23], especially interesting being the model pre-
sented by Hamada, proposing two ways of NO, reduction [8].

In view of the above, it may be stated that the final effect of
NO, reduction in the diesel engine exhaust gases combines the
results of both thermal (SNR) and catalytic (SCR) reduction.
Partial effects depend not only on the volume of the additional
injection of fuel being the source of the reducing agent, but also
on the time and temperature at which hydrocarbons are present in
the cylinder before the exhaust valve opens. In order not to burn
the hydrocarbons additionally introduced into the cylinder, the fuel
post-injection (effected during the expansion stroke) must not be
too early in relation to the injection and combustion of the main
fuel dose. It cannot be effected too late, either, since the tempera-
ture in the cylinder may be too low and the time mentioned above
may be too short. Thus the total NO, reduction efficiency may be
influenced by the following factors: volume of the additional fuel
dose, timing of fuel post-injection (relative to the expansion stroke),
engine speed and engine load, exhaust gas temperature, oxygen
concentration in the exhaust gases, etc. Diesel fuel composition, i.e.
the content of hydrocarbon groups influencing thermal decompo-
sition of molecules, may also have a significant effect on the reduc-
tion efficiency.

The idea presented in the paper is based on the simultaneous
implementation of diesel fuel post-injection and a catalytic con-
verter. It does not require any additional dosing system for injecting
hydrocarbons before the converter. The method could be imple-
mented quite easily in widely used common-rail injection systems
which allow the fuel dose injected to be divided into freely adjusted
portions. Such a system of hydrocarbon dosage has been already
indicated in [16], but without any detailed information.

The possibility of using fuel-contained hydrocarbons in the
process of thermal and catalytic reduction of NO, in the diesel
engine exhaust gases has been investigated in the Cracow Univer-

sity of Technology [3, 19, 20, 21, 22, 23]. Tests were done on the
single-cylinder test engine. For the purpose of tests, a special fuel
supply system was built, consisting of two injection pumps: a main
injection pump delivering fuel necessary for engine operation, and
an additional injection pump delivering additional amount of fuel
(hydrocarbons) used for NO, reduction. The pumps were con-
nected in a row by means of a clutch providing continuous change
of angle between injection the main fuel dose and the additional
fuel dose. Fuel from both pumps was delivered to the engine cylin-
der through the same injector. To eliminate unnecessary interaction
between fuel pressures generated by both pumps, a double check
valve was installed before the injector. A catalytic converter was
installed in the exhaust system. Exhaust gas samples were taken
for analysis before and after the catalytic converter. Temperature
was measured at the points where samples were taken.

3. NO, reduction efficiency definitions

As it has been mentioned before, owing to a high temperature
in the cylinder and a longer time of initial decomposition of mol-
ecules, first effects of radicals and hydrogen reducing action may
be observed yet in the engine cylinder, and also in the exhaust
manifold between the cylinder and the catalytic converter. The
resultant NOx reduction has the form of Selective Non-Catalytic
Reduction (SNR). In the catalytic converter, however, NO, reduc-
tion is accomplished by Selective Catalytic Reduction (SCR). To
evaluate the effects of both NO, reduction methods, and to evalu-
ate the total effect, three definitions of NO, reduction efficiency
have been introduced. Auxiliary quantities used for calculations,
together with the points where the exhaust gases were sampled for
analysis, are shown in Fig. 1.

Ci Cyp

Fig. 1. Quantities used for the calculation of NO, reduction efficiency

Cop Cop

SCR

where:

CIb - NO, concentration before the catalytic converter, the engine
being supplied only with the main fuel dose (without fuel
post-injection),

Clp - NO, concentration before the catalytic converter, the engine
being supplied with the main and additional fuel dose (with
fuel post-injection),

C2b - NO, concentration after the catalytic converter, the engine
being supplied only with the main fuel dose (without fuel
post-injection),

C2p - NO* concentration after the catalytic converter, the engine
being supplied with the main and additional fuel dose (with
fuel post-injection).
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For the purpose of a test results analysis, several definitions
of NO, reduction efficiency can be applied:
nsnr -the efficiency of thermal Selective Non-Catalytic Reduction
between the cylinder and the catalytic converter.
n _ Clb - Clp
SNR —
Ci

Nscr -the efficiency of Selective Catalytic Reduction in the cat-
alytic converter.

C,— G

Tiscr = %
1p
nr - the total efficiency of NO, reduction, combining the effects
of both Selective Non-Catalytic Reduction (SNR) before
the catalytic converter and Selective Catalytic Reduction
(SCR) in the catalytic converter.

Clb - Czp

Nr=
Cyy

4. Results and discussion

4.1. The influence of fuel post-injection timing during
the expansion stroke

Efficiency of NO, reduction measurements were made at two
engine speeds: at 1600 r.p.m., and 2000 r.p.m. The torque devel-
oped by engine was constant (7= 60 Nm) in both cases. The main
fuel dose was adjusted so as to obtain the assumed operating para-
meters of the engine, and its volume was ¢, = 60 mm3/cycle at
1600 r.p.m., and ¢, = 63 mm?/cycle at 2000 r.p.m. The ratio of the
reducing agent to nitrogen oxides before catalytic reactor was kept
at a constant level (HC,/NO, = 3). This value was determined by
analyzing the results of tests conducted in other research centres.
These results were obtained for direct introduction of hydrocar-
bons before the catalytic converter, and the optimum HC,/NO,
ratio in terms of NO, reduction efficiency and reducing agent uti-
lization was determined at a level of 3 [1, 2, 4].

The start angle of fuel post-injection (injection of additional fuel
dose) (was varied from 60 to 200° ATDC - after the top dead centre
(the exhaust valve of the test engine starts to open at 140 ° ATDC).
It was not possible to use smaller angle values because, in spite
of considerably increased additional fuel dose, it was impossible
to obtain the assumed ratio HC;/NO, = 3. It is generally known
that the amount of nitrogen oxides produced in the combustion
chamber is constant at constant engine speeds and constant engine
loads. However, when the start angle of fuel post-injection was
changed, the concentration of hydrocarbons before the converter
also changed, and it was necessary to adjust the additional injec-
tion fuel dose in order to maintain a constant HC,/NO, ratio.
Changes in the concentration of hydrocarbons were mainly due to
the utilization of some hydrocarbons in the process of NO, reduc-
tion between the cylinder and the converter (Selective Non-Cat-
alytic Reduction, SNR), and due to the fact that some hydrocarbons
from the additional injection fuel dose were burnt in the engine
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cylinder, when the fuel post-injection took place too early after the
TDC.

Fig. 2 shows the influence of the fuel post-injection angle on
the efficiency of NOx reduction between the engine cylinder and
the catalytic converter. The highest value of ngyz = 24% was
obtained for 1600 r.p.m. and o = 60° ATDC. For a > 140° ATDC,
the efficiency was around 10%. At 2000 r.p.m., for « = 80° ATDC,
Nsnvr Was 22%, and for o > 120° ATDC, (SNR was about 4%. It
is clear that the efficiency of NO, reduction depends on the fuel
post-injection angle only for low values of this angle.

A drop in the efficiency of NO, reduction by the SNR method
for the increasing values of the fuel post-injection angle « (valid
for low « values only) can be explained by the fact that less reduc-
ing agent was delivered to the cylinder when the delay of fuel post-
injection relative to the TDC was longer. In such conditions the
amount of chemically activated hydrocarbons decreased as well,
also as a result of decreasing temperature inside the cylinder. At
higher « values the efficiency of thermal NO, reduction did not
change, which may be explained by a stable amount of chemically
activated hydrocarbons, although the total amount of hydrocarbons
was different.

50 1
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Fig. 2. The influence of the fuel post-injection angle on the efficiency
of thermal NO, reduction

The total efficiency of NO, reduction 7, combining all
processes of NO, reduction before and after the catalytic converter
as a function of the fuel post-injection angle, is presented in Fig.
3. The functions showing this relationship are increasing for both
engine speeds. A stronger influence of the fuel post-injection angle
is visible at 2000 r.p.m. and for a < 120° ATDC. At 1600 r.p.m.
similar values of 1 (about 20%) were obtained in the whole range
of variability of the fuel post-injection angle. At 2000 r.p.m., n,
was around 18% in the « range from 120 to 200 oATDC, but when
the start of fuel post-injection was closer to the TDC, the values
of n; decreased, reaching 10% for & = 80 oATDC. This decrease
in the total conversion efficiency was caused by lower NO, reduc-
tion efficiency in the converter, dropping down to even negative
values (the amount of nitrogen oxides in the converter increased)
- see Fig. 4.

Fig. 4 shows an increase in the NO, reduction efficiency in
the catalytic converter along with the increasing fuel post-injection
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angle, mainly for low values of that angle (a < 120° ATDC), and
for both engine speeds. For higher values of «, a stabilization of
NO, reduction efficiency can be observed. It should be noted that
for the lowest « values the efficiency ngqx drops below zero. Pos-
itive aspects of catalytic converter utilization can be noticed only
for a exceeding 80° ATDC at 1600 r.p.m., and for « exceeding
120° ATDC at 2000 r.p.m., because in that range the NO, reduc-
tion efficiency is greater than zero.
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Fig. 3. The influence of the fuel post-injection angle on the total
efficiency of NO, reduction
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Fig. 4. The influence of the fuel post-injection angle
on the efficiency of catalytic NO, reduction

Negative values describing NO, reduction efficiency demon-
strate that the catalytic converter does not reduce nitrogen oxides
effectively. This is caused by the fact that at high exhaust gas tem-
peratures (exceeding the activation temperature of the converter by
200 K) the converter becomes inactive and loses its selective capa-
bility including the capability of NO, reduction. Probably because
of high exhaust gas temperatures and an excess of oxygen, further
reactions of nitrogen oxidation take place in the converter (the
exhaust gas temperature after the converter is lower, and the reac-
tion of nitrogen oxidation is endothermic), and the concentration
of nitrogen oxides inside the converter increases.

4.2. The influence of the additional diesel fuel dose

Tests were conducted at two engine speeds: 1600 and 2000
r.p.m., with two constant parameters: the engine torque (7= 60 Nm),

and the fuel post-injection angle (« = 100° ATDC). The volumes
of additional fuel dose were relatively high, reaching 26% of the main
fuel dose at 1600 r.p.m. and 33% of the main dose at 2000 r.p.m.
Such volumes were necessary to obtain the required maximum
HC,/NO, ratio of 10 before the converter. It was expected that by
using diesel fuel as a reducing agent source (diesel fuel is a mixture
of hydrocarbons having various selectivity in terms of NO, reduc-
tion), the optimum level of that ratio in terms of NO, reduction
efficiency would be much higher than 3.

The curves shown in Fig. 5 prove that with higher volumes of
additional fuel dose, the efficiency of NO, reduction in the SNR
process increased. This increase was, however, not uniform, being
higher for 1600 r.p.m. and lower for 2000 r.p.m. One can suspect
that at 1600 r.p.m. more chemically active hydrocarbons were used
in the SNR reactions. The volumes of fuel injected as the addi-
tional dose were smaller, but most of the hydrocarbons were not
burnt. Initially decomposed and partially oxidized (chemically acti-
vated) hydrocarbons acted as an effective NO, reducing agent. The
maximum efficiency (SNR in test conditions reached about 34%
at 1600 r.p.m. and about 10% at 2000 r.p.m.
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Fig. 5. The influence of the additional fuel dose on the efficiency of
thermal reduction of nitrogen oxides

The total efficiency of NO, reduction 1, as a function of the
additional fuel dose volume is presented in Fig. 6.

50 -
40 | Lo | Zo= nt2000 (rpm]
= /D/n/
£ 20 - yd ___ Lo
y o PRI )
10 {2
0 - ‘ ‘ ‘ ‘
5 10 15 20 25
¢, [mm?/cycle]

Fig. 6. The influence of the additional furel dose
on the total efficiency of NO, reduction

The shape of both curves (for both engine speeds) is identical
as those of the SNR process efficiency curves. The reason for
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higher 7 values for the corresponding volumes of the additional
fuel dose are additional processes of NO, reduction taking place
in the catalytic converter. For the maximum volume of the addi-
tional fuel dose, the efficiency n,reached about 42% at 1600 r.p.m.
and about 21% at 2000 r.p.m. From the comparison with the results
of the SNR process (Fig. 5) it is clear that the gain is relatively
small. This is caused by low conversion efficiency in the catalytic
converter.

Fig. 7 shows the influence of the additional fuel dose volume
on the efficiency of NO, reduction in the catalytic converter
(mscr)- Attention must be drawn to the small influence of the addi-
tional fuel dose volume on the efficiency of the SCR process in the
catalytic converter. The fuel post-injection results in a slight ten-
dency towards higher efficiency numbers only at 1600 r.p.m.
A reason for this insignificant sensitivity of the NO, reduction
efficiency to the additional fuel dose volume may be the fact that,
irrespective of the variation in the amount of hydrocarbons intro-
duced into the converter, only a constant portion of hydrocarbons
demonstrate selective reducing capability suitable for the converter
being used. With the fuel post-injection, slightly better average effi-
ciency of the SCR process in the converter (about 13%) was reached
at 2000 r.p.m., while at 1600 r.p.m. the efficiency was about 8%.
The reason for this may be higher exhaust gas temperature before
the converter at 2000 r.p.m. resulting in gaining selective capabil-
ities by more hydrocarbons contained in exhaust gases.
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Fig. 7. The influence of the additional fuel dose on the efficiency
of NO, reduction in the catalytic converter

4.3. The influence of the space velocity of exhaust gas
flowing through the converter

The space velocity of exhaust gas SV is defined as the ratio of
volumetric flow rate of exhaust gas flowing through the converter
to the converter volume. As it can be seen in Fig. 8, the influence
of this parameter on the efficiency of NO, selective catalytic
reduction turned out to be very strong. While at the highest SV of
78 x 10> h™! the NO, reduction efficiency of 22% was obtained,
at SV = 30 x 10° h™! even 68% reduction efficiency was found.
As during the tests the proportion of the reducing agent to the
NO, volume did not change (HC,/NO, = 5), it must be stated
that the reduction of NO, concentration after the converter was
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caused by better conditions for the adsorption of nitrogen oxides
and the reducing agent in the active cells of the converter due to
prolonged contact time. Because of lower velocity of exhaust gas
flowing through the converter, particles of nitrogen oxides and
those of the reducing agent, due to their low kinetic energy, were
deposited easier, increasing the level of adsorption in the active
cells of the converter.

100 +
n=1600 [r.p.m.]
80 - \T=6O [Nm]
a.=120 [PATDC]
T e e~ ——
[ T
g 40 | \A\\
&z <+
20 | \__%
O J

20 30 40 5 60 70 80
SV x 103[h!]

Fig. 8. The influence of space velocity SV on the efficiency
of catalytic NO, reduction

Fig. 9 shows the total efficiency of NO, reduction as a func-
tion of the space velocity of exhaust gas flowing through the con-
verter. This includes NO, reduction accomplished by selective
non-catalytic (thermal) method (SNR) and by selective catalytic
reduction (SCR).

100 -
T=60[Nm
80 1 a= 120[ ["A]TDC
= | \ 1
§ 60 °© \\
£ 40— Gificioney 1) —>
20 +
0 - , , , , , ,
20 30 40 50 60 70 80
SVx 103[h]
Fig. 9. The influence of space velocity SV on the total efficiency
of NO, reduction

The concentration of nitrogen oxides in the natural exhaust
gas was 710 ppm. As a result of thermal reduction between the
engine cylinder and the converter it decreased to 500 ppm. Con-
sequently, (SNR was 29.5% and this value did not change during
the investigation of the influence of SV on the NO, reduction effi-
ciency in the converter. The total efficiency of NOx reduction was
determined assuming the concentration of nitrogen oxides in
natural exhaust gas, i.e. 710 ppm, as a reference value. With this
assumption it was possible to determine the efficiency of NO,
reduction from the whole volume of nitrogen oxides contained in
the natural exhaust gas of the engine. As it can be seen, the
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minimum reduction efficiency of 42% was registered at the highest
SV of exhaust gas flowing through the converter, namely at 78 X
X 10° h™!. The total efficiency of NO, reduction was higher at
lower SV values, and at SV of 30 X 10° h™! an efficiency of 77,5%
was obtained.

The results obtained lead to a conclusion that both methods
implemented, i.e. the SNR and the SCR have a significant influ-
ence on the total efficiency of NO, reduction in the exhaust gas
of the engine. As at certain conditions of NO, reduction process
(with the post-injection of diesel fuel into the engine cylinder)
there are some limitations affecting the possibility of influencing
the efficiency of thermal reduction, the development work on the
optimisation of catalytic converters, and consequently on the
improvement of the SCR process, should be intensified.

4.4. The influence of exhaust gas temperature
at the converter

The investigation of the influence of exhaust gas temperature
on the efficiency of NO, reduction was conducted at a constant
engine velocity n = 1600 r.p.m., and at a constant engine torque
T = 80 Nm. The following parameters were also fixed: static injec-
tion timing of main fuel dose (27° BTDC), start angle of fuel post-
injection & = 100° ATDC), the main fuel dose ¢, = 76 mm®/cycle,
and the additional fuel dose ¢, = 20 mm?/cycle. The test stand was
equipped with an exhaust gas cooler to adjust the temperature of
exhaust gas before the converter in the range of 260 to 460 °C.
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Fig. 10. The influence of exhaust gas temperature before the converter
on the efficiency of NO,, catalytic reduction in a Cu/ZSM-5 converter

Fig. 10 shows that the converter used in the investigation fea-
tured the highest catalytic activity in terms of NO, reduction at
exhaust temperatures approximately between 380 °C and 460 °C,
providing the highest NO, reduction efficiency ranging from 25%
to 44%. At temperatures between 260 °C and 360 °C, however, the
efficiency of NO, reduction in the converter was negative, which
means that the converter lost its catalytic function in the NO,
reduction process and became an NO, “generator”. This was caused
by reactions opposite to the NO, reduction, intensified at lower
exhaust gas temperature. Nitrogen oxides were produced mainly
from diesel fuel constituents containing nitrogen (additives aug-

menting the cetane number) and from radicals such as, for example,
CH,, CNO", HCN".

4.5. The influence of diesel fuel group composition

Three diesel fuel grades differing in chemical composition
were analysed. The properties of the fuels are collected in Table 1.
Three main groups of hydrocarbons were distinguished in the diesel
fuel: aromatic hydrocarbons, ethylenic hydrocarbons (olefins), and
saturated hydrocarbons (paraffins and naphtenes).

An investigation of the influence of diesel fuel group compo-
sition on the NO, reduction in the exhaust gas was conducted at
a constant engine velocity » = 1600 r.p.m. and a constant torque
T = 60 Nm. The main fuel dose ¢, = 60 mm®/cycle, the post-injec-
tion fuel dose ¢, = 20 mm?>/cycle, the static injection timing of main
fuel dose was 27° BTDC, and the start angle of fuel post-injection
a = 100° ATDC.

Fig. 11 shows percentages of these hydrocarbons in the fuels
used. The highest value of the total efficiency of NO, reduction
ne = 54 % was obtained for fuel “3”, and the lowest value (48%)
was obtained for fuel “1” (Fig. 12). The reason was a high NO,
reduction efficiency achieved in the converter for fuel “3” due to
NOx selective catalytic reduction, as shown in Fig. 13.

90 (T [aromatic [ paraffin + naphtene [l olefiry
80 ] ]

hydrocarbons [%o]
3

.
18' L 1

T T
fuel"1"  fuel "2" fuel "3"
Fig. 11. Contents of hydrocarbon groups in the fuels used
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Fig. 12. The influence of diesel fuel type on the total efficiency
of NO, reduction

The highest efficiency of NO, reduction in the catalytic con-
verter nger = 42% was obtained for fuel “3” (Fig. 13).
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Fig. 13. The influence of diesel fuel type on the efficiency
of NO, reduction in a catalytic converter

Table 1
Parameter Unit Fuel
“1” “275 “375
1. Composition: [% vol.]
aromatic hydrocarbons (arenes) 8.75 13.64 16.23
ethylenic hydrocarbons (olefins) 1.08 1.19 1.96
saturated hydrocarbons (paraffins + naphtenes) 90.17 85.17 81.81
2. Aromatic hydrocarbons [% mass] 9.85 14.96 17.68
3. Average molecular weight 254 189 214
4. Structural composition:
Carbon content of:
aromatic structures C, [%] 5.63 11.20 12.34
naphtene structures Cy 3321 24.93 25.26
paraffin structures Cp 61.16 63.87 62.40
contents of rings in an average molecule:
total P 1.24 0.86 1.01
aromatic hydrocarbons P, 0.17 0.26 0.32
naphtene hydrocarbons Py 1.07 0.60 0.69
5. Density at 20 °C [kg/m’] 0.837 0.8165 0.8305
6. Sulphur content [% mass] < 0.001 < 0.001 0.07
7. Normal distillation: [°C]
Start of distillation: 140 85 111
5 190 120 155
10 224 149 179
20 250 176 202
30 268 194 220
40 282 210 239
50 297 228 257
60 309 249 273
70 320 273 294
80 331 296 314
90 350 330 337
95 356 355 359
97 359 370 367
8. Mass balance of distillation process:
distillation below 250 °C [% mass] 13.11 51.6 39.3
distillation 250 - 300 °C 31.73 22.3 24.6
distillation 300 - 350 °C 35.77 20.5 24.1
distillation residue 19.29 5.4 11.9
distillation losses 0.1 0.2 0.1
9. Cetane number 58.078 47.713 50.151
50 The mgcx Was 34% and 36% for fuels “1” and “2” respectively.
| /n=1600 [r.p.m.] . . .
60 [Nm] w _ Taking into account the properties of fuels collected in Tables 1,
40 TN 100 [*ATDC] — it may be concluded that the efficiency of selective catalytic reduc-
c’_\o" 30 A [ ] tion of nitrogen oxides in the catalytic converter depends on the
= i aromatic hydrocarbon content of the fuel used. This is caused by
Q
2 20 the fact that aromatic hydrocarbons feature better selective prop-
1 erties in the NO, reduction process taking place in the converter
10 + . ; P
| used in the experiment than other hydrocarbons contained in diesel
0 - fuel. Such dependencies are also described in the literature on the

subject discussed [6, 11, 14]. For example, according to [6], hydro-
carbon groups can be ordered according to their selectivity as
follows: arenes > olefins > paraffins, while according to [14] the
order is: arenes > olefins > n-paraffins > aldehydes. This explains
why the 74 was the lowest for fuel “1” containing 9.85% of aro-
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matic hydrocarbons by weight (the lowest content), and the highest
for fuel “3” containing 17.68% of aromatic hydrocarbons by weight
(the highest content).

5. Conclusions

It has been found that, as a result of fuel post-injection in the
engine cylinder, nitrogen oxides are reduced not only in the cat-
alytic converter, but also in the exhaust manifold between the
cylinder and the converter. Two methods of NOx reductions were
isolated: the SNR process (Selective Non-Catalytic Reduction)
taking place outside the converter, and the SCR process (Selec-
tive Catalytic Reduction) in the catalytic converter. To evaluate
the effects of NOx reductions, several definitions of various NO,
reduction efficiency measures have been introduced. The main
conclusions drawn from the experiments are as follows:

1. The results indicate that the total efficiency of the NO, reduc-
tion depended mainly on the efficiency of Selective Non-Cat-
alytic Reduction (SNR). The additional fuel dose volume,
engine speed and engine load were influential factors. Better
effects were observed at lower engine speeds.

2. The influence of the fuel post-injection angle on the NO,
reduction efficiency was the strongest when the additional fuel
dose was injected close to the TDC. In such a case better
effects were obtained from the SNR process, but with a nega-
tive effect in the converter. As a result, the total effect of the
reduction practically did not depend on the fuel post-injection
angle. Injection of the additional portion of fuel too close to
the TDC is, however, not allowed because of the possible auto-
ignition of diesel fuel. This would lead to a rapid increase in
the exhaust gas temperature and possible damage to the con-
verter. In view of the above, and considering also an effective
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