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Abstract. In natural gas spark-ignited engines operating under lean conditions, low
temperature combustion is identified as one of the pathways to meet the mandatory ultra
low NOx emissions levels set by the regulatory agencies. Exhaust gas recirculation (EGR)
has proved to be an effective methodology to reduce in-cylinder combustion temperature
and hence NOy emissions. Nitrogen enrichment of the inducted air is an effective,
alternative to EGR, methodology to reduce NOx emissions, since the introduction of inert
diluents, such as nitrogen, into a fuel-air mixture results in reduction of the in-cylinder
combustion temperature. Since nitrogen-enrichment of intake-air and exhaust gas
recirculation (EGR) are two important methods that mostly affect the combustion process
occurring within the combustion chamber of natural gas spark-ignited engines, the present
work studies their effect on the performance and exhaust emissions of a multi-cylinder,
four-stroke, turbocharged, spark-ignited engine fuelled with natural gas. Hence, a
theoretical investigation is conducted by wusing a comprehensive, two-zone,
phenomenological model. The model has been properly modified and substantially
improved to describe, in a detailed way, the combustion process of the gaseous fuel
taking into account the aforementioned techniques. The results concerning engine
performance characteristics, NO and CO emissions, with : (i) normal oxygen mass fraction
of the inducted air (i.e. normal engine operation NEO), (ii) nitrogen-enriched inducted air
(NEIA) and (iii) EGR operating modes, for various engine operating conditions, come from
the application of the model. The main objectives are to record and also to comparatively
evaluate the relative impact that each one of the above mentioned methods has on the
engine performance characteristics and emitted pollutants. Thus, comparing the
theoretical results when engine operates with (i) NEIA or (ii)) EGR mode, as against with
NEO mode, a considerable effect on engine performance and emission characteristics are
revealed. Another objective of this assessment is to quantify NO reduction benefit
achieved with each of the two strategies examined. The conclusions of the specific
investigation will be extremely valuable for the application of the examined technologies
on an existing spark-ignited natural gas engine.
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INTRODUCTION

For meeting stringent imposed emissions regulations, engineers working in the automotive
industry or belonging to the research community have focused their interest either on the
domain of engine- or fuel-related techniques, such as alternative gaseous fuels or oxygenated
fuels that can mitigate emissions, used either in diesel or spark ignition engines that are well
established as dominating power-train solution in the world market [1-9]. For the majority of
heavy-duty spark-ignited engines, natural gas is most usually introduced with the air during the
induction stroke. The majority of this type of engines features a homogeneous natural gas—air
mixture compressed rapidly below its auto-ignition condition and ignited around top dead center
(TDC) position by the existence of a spark plug. Under constant engine speed, the power output
of the specific type of engine is controlled by changing the total amount of the inducted mixture
(i.e. air and gaseous fuel). Substantial improvements of these engines in terms of brake specific
fuel consumption and reduction of pollutant emissions has been achieved, over the last years,
by adopting various engine-related techniques, such as the homogeneous charge compression
ignition (HCCI), the micro pilot combustion, the exhaust gas recirculation (EGR), the nitrogen
enrichment of the inducted air with the use of air separation membrane (ASM) [10-13] etc.
While, each concept has its advantages and disadvantages, exhaust gas recirculation (EGR)
has proved to be a very effective tool to reduce the nitrogen oxide emissions. However, exhaust
gas recirculation has some significant demerits, such as increased CO emissions, decreased
brake thermal efficiency, combustion contamination, greater control system complexity,
application variability, material durability, lubricant contamination and increased PM emissions.
On the other hand nitrogen enrichment of the inducted air (NEIA) could be an effective strategy,
alternative to EGR, without the undesired consequences [10-13]. This strategy could be
achieved using a mature technology which involves selective permeation of gases using an air
separation membrane [10-13]. Introduction of inert diluents such as nitrogen, into a fuel-air
mixture, slow down the reaction rates of participating chemical species, which eventually leads
to lower combustion temperatures and hence lower nitrogen oxides. This process gives an
added control parameter to reduce combustion temperature in advanced engines.

It is true that experimental work concerning fuel economy and low pollutant emissions from
internal combustion engines includes successive changes of each of the many parameters
involved, which is very demanding in terms of money and time. Today, the development of
powerful digital computers leads to the obvious alternative of simulating the engine performance
by mathematical modeling, where the effect of various design and operation changes can be
estimated in a fast and inexpensive way. The need for accurate predictions of emitted pollutants
has forced researchers to develop two-zone combustion models, accompanied with studies of
the significant process of heat transfer in engines, many aspects of which are still unexplored.
Eventually, some multi-zone combustion models have appeared where the detailed analysis of
fuel-air distribution permits the calculation of exhaust gas composition with reasonable
accuracy, but under the rising of computing time cost when compared to lower zones
combustion models. At this point it is mentioned that multi-dimensional models have proved
useful in examining problems characterized by the need for detailed spatial information and
complex interactions of many phenomena simultaneously, but they are limited by the relative
inadequacy of sub-models for turbulence, combustion chemistry and by computer size and cost
of operation, to crude approximations to the real flow and combustion processes. Thus, it is felt
that a good choice for the present study is a two-zone model, which includes the effect of
changes in engine design and operation on the details of the combustion process, via a
phenomenological model where the geometric details are fairly well approximated by detailed
modeling of the various mechanisms involved. This is to have the advantage of relative
simplicity and reasonable computer time cost. Numerous experimental and theoretical
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investigations concerning the effect of (i) nitrogen-enrichment of intake-air [10-16] and (ii)
exhaust gas recirculation (EGR) [17-23] on performance and exhaust emissions of an engine
have been reported in the international literature.

The primary objective of the present work is to examine, using a theoretical model, the effect
of nitrogen-enrichment of intake-air (NEIA) and exhaust gas recirculation (EGR) on the
performance and exhaust emissions of an existing stationary, spark-ignited, engine fuelled with
natural gas. The theoretical results are generated using a two-zone phenomenological
combustion model, which predicts in-cylinder pressure and heat release rate histories, as well
as NO and CO concentration profiles. Several of the model predictions on performance and
emissions characteristics of the examined engine, have been presented already in the past [14-
16]. For the current investigation, the simulation model has been properly modified and
improved substantially to describe more accurately the complicated natural gas combustion
process in a spark ignition engine environment, taking into account the details of the processes
concerning the nitrogen-enrichment of intake-air (NEIA) and exhaust gas recirculation (EGR)
and hence, their effects on the combustion process.

The theoretical results corresponding to engine operation without EGR and nitrogen-enriched
inlet air (i.e. normal engine operation — NEO operating mode), are validated against respective
experimental values obtained from a a multi-cylinder, turbocharged, water-cooled, spark-ignited
engine operating under NEO mode at various engine operating points (i.e., load and engine
speed) with natural gas. From the comparison of computed and experimental findings, it is
revealed that the simulation model developed predicts adequately the engine performance and
pollutant emissions trends with engine load under natural gas operation. Furthermore, taking
into account data from the international literature, it is shown that the developed model could be
used to examine the effect each one of the examined engine parameters on engine
performance and pollutant emissions. In any case, it can be used safely in the present work,
which performs a comparative assessment by using the simulation results concerning the
relative impacts of the examined parameters on engine performance characteristics and emitted
pollutants. The results reported herein concern the calculated maximum combustion pressure,
ignition delay, duration of combustion, total brake specific fuel consumption, and the calculated
brake specific NO and CO emissions, for intermediate and high engine loading conditions at
1500 rpm engine speed. The comparative assessment is accomplished through the comparison
of results corresponding to engine operation with EGR or air inlet nitrogen-enrichment, with the
corresponding ones corresponding to normal engine operation. From the theoretical findings,
important information is derived revealing both the applicability each one of the examined
techniques on an existing spark-ignition engine operating with natural gas and also the effect of
each technique on engine performance and pollutant emissions.

Consequently, the information derived from the present work is extremely valuable regarding
the implementation one of the two strategies examined in the present work for improving the
environmental behavior of an existing heavy-duty spark-ignited engine fuelled with natural gas,
without deteriorating seriously its performance.

BRIEF DESCRIPTION OF THE MODEL

In the present work only an outline of the model is given since its details have been
presented in previous publications [14,16]. The simulation model used is a phenomenological
two-zone one, examining the closed part of the engine cycle. At the start of the compression
stroke, the cylinder charge is assumed to be a homogeneous mixture of air and gaseous fuel,
which has been properly premixed during the induction stroke. During the compression stroke,
the entire charge of the mixture is treated as a single zone up to the initiation of combustion.
Here, at each instant of time, the perfect gas law describes the state of the mixture inside the

20



ISSN: 1791-4469 Copyright © 2012 Hellenic Naval Academy

cylinder, while there is uniformity in space of pressure, temperature and composition. As is well
known, the combustion process of a Sl engine is divided into two processes, that is, the ignition
process and the stable flame propagation process [24-28]. The former one is made of the flame
kernel, which is formed by a spark electric discharge and the unstable flame propagation of the
kernel. This is, however, treated as a Sl delay period. In the proposed model, the initiation of
combustion is assumed to take place when a finite volume of the burned mixture (i.e. the
volume of the flame kernel formed by the spark discharge) exceeds 0.001 times the total
cylinder volume, that is, displacement plus clearance volume (see Figure 1).
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FIGURE 1. Schematic diagram of the flame kernel =~ FIGURE 2. Two-zone thermodynamic model of
formation. combustion process.

When combustion is initiated, a two-zone phenomenological model is considered to exist for
the rest of the closed part of the engine cycle. The first zone consists of air—gaseous fuel
mixture (unburned zone), while the second one (burning zone) consists of combustion products
and excess air depending on the AFR (air to fuel ratio) (see Figure 2). In each zone, there is
uniformity in space of pressure, temperature and composition, at each instant of time, neglecting
heat exchange between the zones. After the spark plug ignition, the two zones are separated by
a thin flame front that has the shape of a sphere. During the combustion process, the
instantaneous cylinder volume and its derivative with respect to crank angle, the flame front
area, and the area of the combustion chamber in contact with the unburned and burning zones,
are computed through the respective geometric sub-models. Assuming that the geometry of the
flame front formed inside the chamber of a spark-ignited engine has a spherical form [2-3], the
determination of the instantaneous flame geometry after spark discharge is achieved in the
present work by applying a model developed by Annand [28]. The flame front spreads towards
the unburned zone, having a flame speed that is calculated by taking into account both the
turbulent flame propagation mechanism and the percentage of the nitrogen-enriched inducted-
air [27]. After the initiation of combustion, the volume of the burning zone changes due to the
existence of the flame front which spreads towards the unburned zone having a turbulent flame
speed. The volume change of the burning zone leads to the computation of the quantity of the
gaseous fuel and air entrained into the zone. Since the laminar flame thickness under engine
conditions is infinitesimal [2-3], in the present model the flame is treated as negligibly thin. The
present model assumes that a flame front of negligible thickness propagates into the unburned
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zone, having a direction perpendicular to the outer spherical surface of the burning zone formed
after the initiation of combustion. The gaseous fuel entrained inside the burning zone, due to the
flame front spread, is transformed into products. Thus, the combustion rate depends actually on
the turbulent flame speed. Heat exchange rate for each zone is calculated by employing the
Annand formula [29]. After the initiation of combustion, each zone possesses its own
temperature and composition, while the pressure is uniform inside the cylinder. Dissociation of
combustion products is taken into account by using the Vickland et al. [30-31] method,
incorporating 11 chemical species. For the formation of NO, the extended Zeldovich chain
reaction mechanism is considered [30-31].

Model Modifications - Improvements

Below, is given an analysis of the most important modifications performed to the engine
simulation model regarding the definition of the calculation of the laminar flame speed and the
definition of the charge mixture composition at inlet valve closure (IVC) corresponding to air inlet
nitrogen-enrichment and EGR operating modes.

Laminar Flame Velocity

The laminar flame velocity is defined as the relative velocity, with which the unburned gas
moves inside the flame front and is transformed to products [2-4]. It is an important intrinsic
property of a combustible mixture. The laminar flame velocity developed inside a combustion
chamber depends mainly on the equivalence ratio, the temperature of the unburned gas and the
pressure [2-4]. Since methane is the main constituent of natural gas, the laminar flame velocity
in the present model is obtained by applying a correlation proposed by Karim [32], which
simulates adequately the burning velocity of Methane — Air mixtures. The mathematical formula
has as follows:

S :A+(E 'Fz)'(F; +F4(¢’u _1'036)+F5(¢“ _1'036)2) M

where A, F4, F», F3, F4 and Fs are correlations given in [32] that take into account the gaseous
fuel equivalence ratio of unburned zone (¢,), the cylinder pressure and the temperature of the
unburned zone. The main advantage of the proposed correlation is that it can predict adequately
the laminar burning velocity for non-stoichiometric region.

Definition of the Actual Mass Flow Rate of the Inducted Air at Inlet Valve
Closure (IVC)

Under EGR operating mode, the percentage of the exhaust gas re-circulated (xegr) is defined
via the formula:

Xpon (%) = —L£5E_.100% 2)

mlnL‘C,IVC
where (m,;, ) represents the mass flow rate of exhaust gas re-circulated, and (m,, ;)

represents the total mass flow rate of gaseous mixture inside the cylinder at inlet valve closure.
The latter is calculated by taking into account the pressure, temperature and concentration of
the mixture at inlet valve closure. The pressure is assumed to be the one after the air-
compressor as this is a turbocharged spark ignited heavy duty engine. It is well known that re-
circulated exhaust gas displaces some of the air entering the combustion chamber. Thus, the
actual mass flow rate of the inducted air at inlet valve closure is calculated as:

mair,[VC = (1 ~ XEGR ) My e 3)
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Then, for specific total air excess ratio, the actual mass flow rate of natural gas is calculated
by taking into account the actual mass flow rate of the inducted air as follows:

. My ve

v AFR, - A “)
where AFRst corresponds to the stoichiometric air to fuel ratio (by mass) for natural gas. It must
be stated here that the mixture at inlet valve closure is assumed to be an ideal homogeneous
mixture with uniform composition and thermodynamic properties. It consists of fresh air,
gaseous fuel, and re-circulated exhaust gas. The re-circulated exhaust gas is assumed to
consist of CO, and H,0, the concentrations of which are obtained from the composition of the
cylinder charge at exhaust valve opening event. Moreover, the temperature of the re-circulated
exhaust gas is calculated at the exhaust valve opening condition by running the in-house made
software for the baseline Normal Engine Operation (NEO). Under nitrogen-enriched air inlet
(NEIA) operating mode, nitrogen enrichment alters the chemical composition of the inducted air
because N, displaces a portion of the inducted air that would otherwise be utilized during
combustion, resulting in lowering of the total air excess ratio. In the proposed model, for each
load examined (i.e. air excess ratio value), the actual mass flow rate of the air at inlet valve

closure (m,, ;) is calculated taking into account the percentage of nitrogen enrichment in the

inducted mixture combined with the air mass flow rate corresponding to NEO operating mode.
The percentage of nitrogen enrichment in the inducted mixture (Ay,\,2 ) is defined as :
NEIA _ _ NEO
Ay () =222 100 ®)
N,
where (yy. ") represents nitrogen concentration (by volume) in the inducted mixture under

NEIA operating mode while (yy.”) represents nitrogen concentration (by volume) in the

inducted mixture under NEO operating mode. Furthermore, the gaseous fuel consumption
(1, ) is calculated by EQ(4).

TEST CASES EXAMINED

In the present work, the simulation model is used to investigate the relative impact of air inlet
nitrogen enrichment and exhaust gas recirculation on the performance characteristics and
exhaust emissions of a heavy duty, spark-ignited natural gas engine fuelled with natural gas.
Thus, at partial (i.e. 65% of full load) and high (i.e. 100% of full load) load conditions, the
percentage of nitrogen concentration in the inducted air was increased by 2, 4 and 6 per cent
(Aynz = 2%, 4% and 6%) relative to the convectional operating case (i.e. 79% by volume in air).
Thus, for each loading point examined, besides the oxygen mass fraction of the inducted

mixture corresponding to the conventional operating case (xO2 =23,2%), three different oxygen

mass fractions were estimated. Specifically, oxygen mass fraction of the inducted mixture was
decreased from x, =23,2% to x, =18%, at both engine loading conditions examined.

Moreover, for each loading point examined, three different EGR percentages were examined
herein. Specifically, for each engine load condition, the appropriate EGR percentage was
estimated in order that the inducted mixture oxygen mass fraction resulting from the EGR
application becomes equal to the respective oxygen mass fraction derived from the application
of nitrogen-enrichment operating mode. Thus, under EGR operating mode, EGR percentage

was increased from x,;, =0% to x,., =15% at partial load conditions, while at high load
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conditions it was increased up to x,,, =10%. It must be stated here that the test case
corresponding to Xo, =23,2% (by mass) nitrogen concentration in the inducted air and

Xzox = 0% is referred as ‘normal engine operating point’ (NEO point). Moreover, for each test

case examined, the injection advance was kept constant. In Table 1 more details are given
about the test cases examined in the present work.

Table 1. Test Cases Examine

(0/) 65% Load & A, =1,66 & 1500 rpm 100% Load & A, =1,85 & 1500 rpm
X, 0
o Ao, Ayy, (%) | xper (%) Ao, Ay, (%) | g6 (%)
23,2 1,73 0 0 1,92 0 0
21,5 1,60 2 5 1,78 2 6
19,8 1,47 4 10 1,63 4 12
18 1,34 6 18 1,49 6 20

MODEL VALIDATION

Results obtained from an extended experimental investigation conducted in the past on a ‘GE
Jenbacher 320’, multi-cylinder, spark-ignited engine [15] are used to experimentally validate the
predictions of the simulation model. The basic data related to the simulated engine are
presented in Table 2 [15].

Table 2. Basic data of the Test Engine.

Engine Type V-70°, 20 Cyl., 4-Stroke, SI, T/C
Bore 135 mm

Stroke 170 mm

Connecting Rod 320 mm
Compression Ratio 11:1

Engine Displacement Volume 48,7 It

Normal SOI (at 100% load) 23 °CA before TDC

This is a four-stroke, turbocharged, water-cooled, spark-ignited engine fuelled with natural
gas. Since the specific engine is used as an electric power generator (actually in a co-
generation mode), the normal speed of the engine is fixed at 1500 rpm and it is kept constant for
the entire range of loads examined. A comparison between experimental and calculated
pressure traces under NEO operating mode is given in Figure 3. Also, in figure 4 are compared
experimental and calculated values of (i) engine power, (i) engine efficiency and (iii) NO
emissions. All experimental data were taken at four different engine loads corresponding to 40,
65, 85 and 100% of full engine load and at 1500 rpm engine speed. Examining these figures, it
is observed that there is a good coincidence between calculated and experimental values at all
test cases examined. This proves the ability of the specific model to predict adequately
performance characteristics and the exhaust emissions of a spark ignition engine operating
under natural gas fuel mode with normal chemical composition of the inducted air.

Furthermore, taking into account experimental data it is shown that the simulation model
manages to predict with adequate accuracy the trend of the engine performance characteristics
with the change each one of the examined techniques. Thus, the specific model can be used to
look into the effect each one of the examined parameters on performance and pollutant
emissions of the specific engine. It is emphasized here that the values of the present model’s
constants are held constant for all strategies examined in the present work (i.e. NEIA and EGR).
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RESULTS AND DISCUSSION

Comparative Evaluation of the Effects of Intake-Air Nitrogen-Enrichment
and EGR on Sl Natural Gas Engine Performance Characteristics

In this section, the predictive capabilities of the phenomenological model are explored. The
predicted effects of the two strategies examined herein on some basic performance
characteristics and pollutant emissions of a heavy-duty spark-ignited natural gas engine are
examined, for two engine operating points corresponding to 65% and 100% of full engine load at
1500 rpm engine speed.

Figures 5-6 provide the predicted cylinder pressure and total heat release traces for xg, =
19,75 (%) oxygen mass fraction of the cylinder charge at inlet valve closure event, at 100% of
full engine load at 1500 rpm engine speed, using the two methodologies examined herein i.e.
nitrogen enrichment of the inducted air (NEIA) and exhaust gas recirculation (EGR),
respectively. In these figures the predicted cylinder pressure and total heat release traces are
also given corresponding to normal engine operating (NEO) mode. Observing figure 5 it can be
seen that the air inlet nitrogen-enrichment affects the cylinder pressure history. Thus, by raising
the nitrogen mass fraction of the inducted mixture, the rate of cylinder pressure rise during the
initial stage of the combustion process becomes lower, while the peak cylinder pressure occurs
slightly later compared to the respective values observed under NEO condition. This is the result
of both the later initiation of combustion and the lower combustion rate of the gaseous fuel,
especially during the initial stages of combustion process, which occurred due to the lower
cylinder charge temperatures. As far as the heat release rate curves are concerned (Figure 6), it
is observed that the nitrogen enrichment affects also the burning rate. It is shown that the
initiation of combustion observed with increased nitrogen mass fraction at IVC starts later
compared to the respective one under NEO mode. This is attributed to the increase of ignition
delay and also due to the fact that the combustion of the gaseous fuel has not yet progressed
enough, since the cylinder charge conditions (i.e. cylinder charge temperature, etc.) do not favor
the propagation of the flame front.

Observing figures 5-6, it is obvious that the presence of the exhaust gas re-circulated in the
cylinder charge, affects both cylinder pressure and total burning rate. Thus, for high engine
loading point, the increase of EGR affects the values of the cylinder pressure compared to the
respective one observed under normal engine operating mode. The difference observed during
the last stages of the compression stroke is the result of the higher specific heat capacity of the
cylinder charge mixture (i.e. air-natural gas-EGR), compared to that of the air-natural gas in the
case of NEO mode. Moreover, for all engine operating points examined, as EGR increases the
rate of cylinder pressure rise during the first stage of the combustion process becomes lower,
while the peak cylinder pressure occurs slightly later compared to the respective values
observed without EGR. As far as the heat release rate curve is concerned (Figure 6), it is
revealed that for the same oxygen mass fraction at IVC the initiation of combustion observed
with EGR operating mode starts later compared to the respective one observed with air inlet
nitrogen enrichment (NEIA mode). This is due to the fact that the cylinder charge with EGR (i.e.
gaseous fuel — air — EGR mixture) has higher overall specific heat capacity compared to the
respective one without EGR. Furthermore, as EGR increases the burning rate observed during
the first stage of combustion decreases. This is due to the lower cylinder charge temperature
that affects negatively the combustion process of the gaseous fuel, which has not yet
progressed enough since the cylinder charge conditions during the specific phase do not favor
the existence of the flame front.
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FIGURE 5. Calculated cylinder pressure FIGURE 6. Calculated heat release rate
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(%) oxygen mass fraction in the inducted (%) oxygen mass fraction in the inducted
mixture using (i) air inlet nitrogen enrichment mixture using (i) air inlet nitrogen enrichment
and (ii) EGR. and (ii) EGR.

Figures 7A-B and 8A-B illustrate the variation of the calculated peak cylinder pressure and
maximum cylinder temperature as a function of the oxygen mass fraction of the inducted
mixture. The results correspond to 65% and 100% of full engine load conditions, for two
strategies examined i.e. nitrogen enrichment and EGR, at 1500 rpm engine speed. In the same
figures the normal engine operating point is also given, that corresponds to 23.2 (%) oxygen
mass fraction (NEO mode). Since both maximum cylinder pressure and temperature are critical
parameters affecting the mechanical and the thermal strength of engine structure, the study of
the effect of the examined strategies on maximum cylinder pressure and temperature is of
particular interest. By examining these figures, it is revealed that the maximum cylinder pressure
decreases with the increase of the percentage of air nitrogen-enrichment resulting thus in lower
cylinder charge temperatures. This is attributed to the decrease of the gaseous fuel combustion
rate, due to the retardation of the flame front. The effect becomes more evident at full engine
load conditions, where the decrease of the maximum cylinder temperature is up to 10%. For
both loads examined, the decrease of the maximum cylinder pressure is not so severe (up to
10% at part load, and up to 8% at high load). Regarding the effect of EGR on both maximum
cylinder pressure and temperature, it is observed that for all test cases examined, the increase
of EGR leads also to the decrease of the maximum cylinder pressure and temperature. Despite
the smooth decrease of the maximum temperature, the maximum cylinder pressure starts to
decrease slightly with an increase of EGR until a certain limit, where a further increase of EGR
leads to a more intense decrease of the maximum combustion pressure. The effect becomes
more evident at high load. Eventually, it should be mentioned, that under EGR operating mode,
the lower heat release rate and the higher specific heat capacity of the cylinder charge are the
main reasons for the lower and delayed appearance of the maximum combustion pressure,
compared to the respective values observed under NEO and air inlet nitrogen enrichment
operating modes.

Figures 9A-B depict the variation of the calculated duration of combustion as a function of the
oxygen mass fraction of the inducted mixture. The results correspond to 65% and 100% of full
engine load conditions, for two strategies examined i.e. intake-air nitrogen-enrichment and EGR,
at 1500 rpm engine speed. In the same figures the normal engine operating point is also given,
that corresponds to 23.2 (%) oxygen mass fraction (NEO mode). Examining these figures, it is
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observed that for both engine loads examined, both strategies examined herein lead to a longer
duration of combustion as compared to the respective one observed under NEO mode.
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Specifically, nitrogen enrichment prolongs the duration of combustion and the specific effect
becomes more intense at high load and high nitrogen percentages in the inducted mixture. This
may be attributed, primarily, to the fact that nitrogen enrichment delays slightly the initiation of
combustion. This emanates from the higher specific heat capacity of the mixture accompanied
by the lower cylinder charge conditions occurring at the spark timing, compared to the
respective values under NEO operating mode.

According to Figures 9A-B, it is observed that, despite the fact that the lower total air excess
ratios, caused by the presence of EGR, is a critical factor favoring the flame propagation
mechanism contributing, thus, to an improvement of the natural gas combustion quality, as EGR
percentage increases the duration of combustion also increases. This specific effect is ascribed
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primarily to the low cylinder charge temperature, due to the higher specific heat capacity of the

cylinder charge and also to the slower combustion rate of the natural gas.
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Figures 10A-B illustrate the variation of the calculated brake specific fuel consumption (bsfc)
as a function of the oxygen mass fraction of the inducted mixture. The results correspond to
65% and 100% of full engine load conditions, for two strategies examined i.e. nitrogen
enrichment and EGR, at 1500 rpm engine speed. In the same figures the normal engine
operating point is also given (NEO mode). It must be noted here that the computed bsfc is
estimated from the calculated brake power output and the calculated mass flow rate of the
natural gas. Moreover, brake power output is estimated from the calculated indicated power
output (i.e. calculated from cylinder pressure diagram) and the mechanical efficiency that is
predicted through a simple simulation sub-model. Observing these figures, it is revealed that for
both loads examined, the increase of the nitrogen percentage in the inducted mixture results to
an increase of bsfc since the combustion of the fuel becomes more ineffective. As far as the
effect of EGR percentage on bsfc is concerned, it is revealed that the presence of EGR affects
also the brake engine efficiency. Specifically, for both loads examined, the increase of the EGR
percentage leads initially to a slight increase of the total brake specific fuel consumption, while a
further increase of the EGR beyond a critical percentage results to a more intense deterioration
of engine efficiency. This specific deterioration is ascribed primarily to the longer ignition delay
period, which affects negatively the heat release rate, especially during the initial stages of
combustion process. At the same time, the improvement of the gaseous fuel combustion quality,
which is caused by the reduction of the total air excess ratio (i.e. lower total air excess ratio
leads to faster flame speed), does not contribute considerably to the improvement of engine
efficiency.

Comparative Evaluation of the Effects of Intake-Air Nitrogen-Enrichment
and EGR on Sl Natural Gas NO and CO Emissions

Figures 11A-B illustrate the variation of the calculated specific NO emissions as a function of
the oxygen mass fraction of the inducted mixture. Theoretical results are presented at65% and
100% of full engine load conditions, for the two strategies examined herein i.e. nitrogen
enrichment and EGR, at 1500 rpm engine speed. In the same figures predictions for the normal
engine operating point are also given. It is well known [2-4] that the formation of NO is favored in
general by high gas temperatures and near stoichiometric mixture conditions towards the lean.
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Observing figures 11A-B, it is revealed that, for both loads examined, specific NO concentration
under nitrogen enriched inducted mixture (NEIM) operating mode is lower compared to the one
observed under NEO mode. For the same load, the burning temperature observed under NEIA
mode is lower compared to the respective one under NEO mode. Moreover, nitrogen
enrichment depletes effectively oxygen concentration in the cylinder charge. Thus, the lower
oxygen concentration in combination with the lower burning temperatures provides a possible
explanation about the lower NO concentrations observed under NEIM operating modes
compared to the respective ones under NEO operating mode.
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and (ii) EGR operating modes. and (ii) EGR operating modes.

As far as the effect of EGR on specific NO emissions is concerned, it is revealed that the
increase of EGR percentage results also in a decrease of specific NO emissions. This may be
attributed to the delayed, relative to TDC, initiation of combustion due to the increase of the
ignition delay period. Furthermore, the increase of EGR percentage results to lower charge
temperature caused by the higher specific heat capacity of the cylinder charge and, moreover, it
leads to a reduction of the oxygen availability in the cylinder charge. The aforementioned
parameters restrain the NO formation mechanism. By examining figures 11A-B it is revealed
that for high load examined, NO emissions seems to be more sensitive to EGR rather than to
nitrogen enrichment of the inducted air. Inferentially, by comparing the results obtained from
both strategies examined, it is revealed that for an existent S| engine, running at high load, the
curtailment of the emitted NO without serious deterioration of engine efficiency may be achieved
with nitrogen enrichment of the inducted air instead of using EGR.

Figures 12A-B show the variation of the calculated specific CO emissions as a function of the
oxygen mass fraction of the inducted mixture. The results correspond to 65% and 100% of full
engine load conditions, for two strategies examined i.e. nitrogen enrichment and EGR, at 1500
rom engine speed. In the same figures predictions for the normal engine operating point are
also given. As known [2-4], CO formation rate depends on the relative air/fuel ratio, the
unburned gaseous fuel availability and the cylinder charge temperature. The latter two
parameters control the rate of fuel decomposition and oxidation [2-4].

Observing figures 12A-B, it is revealed that the decrease of oxygen mass fraction of the
inducted mixture using nitrogen enrichment results in a negligible variation of CO emissions.
Specifically, the increase of nitrogen concentration in the charge mixture causes a slight
reduction of the total air/fuel ratio. This leads to a negligible effect on both CO formation and
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oxidation rates, due to the decreased charge temperature. Thus, the emitted CO concentrations
observed under NEIA operating mode seem to be almost the same with the respective ones
observed under normal engine operating mode. On the other hand, the increase of EGR
percentage results to an increase of CO emissions. Specifically, the increase of EGR
percentage causes an increase of the ignition delay period, which suppresses the progress of
the gaseous fuel combustion process, a situation that affects negatively (i.e. increase) the
emitted carbon monoxide. On the other hand, the increase of EGR percentage promotes slightly
CO oxidation rate, due to the lower total air-fuel excess ratio, which leads to a slight acceleration
of the flame front and, thus, to a slight improvement of the gaseous fuel combustion rate.
Nonetheless, the aforementioned improvement contributes insignificantly to the reduction of the
emitted CO, since it occurs late. Observing the results, it is revealed that for high engine
operating point the effect of EGR on CO emissions is more intense compared to the respective
effect caused by the nitrogen enrichment of the inducted air.
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FIGURE 11A. Specific NO concentration as a FIGURE 11B. Specific NO concentration as a
function of oxygen mass fraction of the inducted function of oxygen mass fraction of the inducted
mixture, at 1500 rpm and 65% load, for (i) NEIM mixture, at 1500 rpm and 100% load, for (i) NEIM
and (ii) EGR operating modes. and (ii) EGR operating modes.

In the present work, an existing two-zone phenomenological model has been used to
examine the effect of (i) nitrogen enrichment of the inducted air and (ii) EGR, on performance
characteristics and pollutant emissions of a natural gas spark ignited engine. A good
coincidence between calculated and measured values under normal composition of the inducted
air (NIA) operation was observed for performance characteristics, NO and CO emissions.
Specifically, the model predicts with reasonable accuracy the absolute values but most
important it predicts the trends of the combustion and pollutants formation mechanisms with
various engine operating parameters.

Acknowledging the predictive ability of the two-zone combustion model, it was used to
examine the effect of the aforementioned strategies on engine performance parameters, NO
and CO emissions. From the evaluation of the theoretical findings, the following conclusions can
be summarized as below:
¢ the increase of nitrogen mass fraction in the inducted mixture, results to:

o deterioration of engine efficiency. The effect is more evident at intermediate load and

high N, mass fractions in the inducted mixture.
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o decrease of the maximum cylinder pressure, which at high N, mass fractions in the
inducted mixture is up to 8%.

o decrease of the specific NO concentration. The effect is more evident at high N, mass
fractions in the inducted mixture for both loads examined.

o an almost negligible variation of the specific CO concentration.

¢ the increase of EGR percentage, results to:

o deterioration of engine efficiency. The effect is more evident at high load and high EGR

percentages.

o decrease of the maximum cylinder pressure, which at high EGR percentage is up to
12%.

o decrease of the specific NO concentration. The effect is more evident at high load and
high EGR percentages.

o increase of the specific CO concentration. At high load and high EGR percentage the
specific increase is up to 30%.
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mixture, at 1500 rpm and 65% load, for (i) NEIM mixture, at 1500 rpm and 100% load, for (i) NEIM
and (ii) EGR operating modes. and (ii) EGR operating modes.

In general, the increase of nitrogen percentage in the inducted mixture could be a promising
solution for reducing NO emissions as compared to EGR. At low percentages, the specific
strategy does not bring serious problems to engine performance characteristics. However, at
high engine loads, the excessive increase of the nitrogen enrichment percentage beyond a
certain limit may be proven to be harmful to engine performance characteristics (i.e. brake
efficiency, engine power output). At the same time, the simultaneous increase of both
parameters, at both low and high engine load conditions, does not bring any serious problem to
engine operational lifetime, since the maximum cylinder pressure is lower compared to the
respective one observed under normal engine operation. The results of this preliminary
investigation are encouraging and urge us to prolong our theoretical investigation to examine
the combined effect of other engine parameters (i.e. ignition timing, etc) on performance
characteristics of an existing spark-ignited engine fuelled with natural gas. This is currently
under progress and results will be given in the near future. Even though it is difficult to
generalize the findings of the current preliminary investigation, we believe that they are

important since the reduction of NO emissions on existing S| natural gas engines is extremely
important.
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