W/IEI‘ A International Information and

N Engineering Technology Association

International Journal of Design & Nature and Ecodynamics

Vol. 16, No. 2, April, 2021, pp. 135-144

Journal homepage: http://iieta.org/journals/ijdne

Effects of EGR and Alternative Fuels on Homogeneous Charge Compression Ignition |

(HCCI) Combustion Mode

Check for
updates

Saliha Mohammed Belkebir®", Benyoucef Khelidj?, Miloud Tahar Abbes!

1L aboratory of Mechanics and Energy (LME), Department of Mechanical Engineering, Faculty of Technology, University
Hassiba Benbouali of Chlef, Chlef 02000, Algeria

2 Laboratory of Industrialist Fluid Measurement and Applications (FIMA), Department of Technology, Faculty of Science and
Technology, University Djilali Bounaama of Khemis-Miliana, Khemis Miliana 44225, Algeria

Corresponding Author Email: s.mohammedbelkebir@univ-chlef.dz

https://doi.org/10.18280/ijdne.160203

ABSTRACT

Received: 19 November 2020
Accepted: 21 January 2021

Keywords:

pollutant emissions, direct injection diesel
engine, HCCI engine, EGR, alternative fuel,
chemical kinetics

We present in this article an analysis of the impacts of the exhaust gas recirculation (EGR)
and alternative fuels on HCCI combustion mode. The objective is to reduce the pollutant
emissions below the levels of established pollution standards. The ANSYS CHEMKIN-
Pro software and the combined chemical Kkinetics mechanism were used to perform
simulations for a closed homogeneous reactor under conditions relevant to HCCI engines.
The calculation process is based on one single-zone in the combustion chamber.
Numerical simulation has proven the ability of the models adopted, which use the
essential mechanisms of the fuel combustion process, to reproduce, among other things,
the evolution of the formation of chemical species. This study showed that adding
hydrogen (Hz) to methane (CHa) is an interesting alternative fuel because it reduces
ignition time. It was concluded that an increase of EGR rate conducts to a slower
combustion process, lower temperatures, and the reduction of nitrogen oxide (NOx)

emissions.

1. INTRODUCTION

The diesel engine is considered among the most polluting
sources and it is responsible for severe health human such as
cancer and respiratory diseases [1]. Successive models of
diesel engines have been developed to reduce these emissions
below pollution standards. Alternative fuels and EGR
proportion related to the performance of diesel engine in a
HCCI combustion mode are used in this study.

Conventional engines are characterized by heterogeneous
combustion resulting in a propagation of a flame front and a
high gas temperature responsible of NOx pollution. In these
engines, the main pollutant emissions are reduced after
combustion using external control systems [2]. HCCI
combustion mode is characterized by a direct action on
mechanisms of pollutant formation. The combustion of the air-
fuel mixture becomes highly homogeneous and instantaneous.
One of the most techniques to reach this aim is to use technical
exhaust gas recirculation (EGR) [3]. The method is
characterized by reintroducing burnt gas into the combustion
chamber in order to lowering temperatures, delay auto-ignition
after TDC, homogenize the mixture, and therefore the
reduction of NOx rate and particulate emissions charaterized
by a high heat release rate [4, 5].

The influence of several parameters on the HCCI

combustion was investigated by Ghorbanpour and Rasekhi [6].

The authors concluded that, the early injection generates a
better homogeneous mixture and contribute to accelerate the
transformation of fuel to lower hydrocarbons. Air-fuel ratio
and the instant of ignition can control the reaction
temperatures. Lower temperatures resulting from EGR delay
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the self-ignition and then can be very useful for specific diesel
fuel with quick self-ignition leading to the early start
combustion. Thus, the cooled EGR constitutes a fundamental
tool in the start of combustion, lowering temperature and
oxygen responsible for the appearance of NOx gas.

Supramani and Kumar [7] present several simulations using
a review of differents processes to reach homogeneous charge
in the combustion chamber. The CHEMKIN software was
used to examine the impact of EGR on the operating
parameters of HCCI engine combustion and on the emission
pollutants [8, 9]. A decrease in UHC and CO emissions is due
to the increasing of the intake temperature or compression
ratio (CR). Furthermore, both reductions of the CR and the
intake temperature retarded the auto-ignition timing [10].

The utilization of potential alternative fuels in an HCCI
engine is to widen the operating regime [11, 12]. In Diesel
engine, Ghazal [13] has presented a study on the use of
methane in the fuel mixture for turbocharged combustion
interne engines. It’s shown that methane added in the fuel has
a significant effect on combustion and pollutant emission.
Unfortunately, fraction methane increases pressure in the
cylinder which leads to uncontrolled combustion. In addition,
NO emission can be reduced significantly for 50% methane in
the mixture.

Hydrogen is a potential alternative and promising in terms
of high thermal efficiency and low emissions in HCCI
combustion [14]. Hora and Agarwal [15] then Kahraman et al.
[16] show that adding hydrogen to natural gas (NG) increases
the stability of combustion, contributes to enhance the
efficiency of the engine and reduced emissions of CO,, CO
and UHC while nitrogen monoxide (NO) increased with the
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hydrogen addition. Moreover, Pana et al. [17] have found that
adding hydrogen causes an increase in NOx emissions, due to
an increase in the gases temperature and the decrease in
specific fuel consumption (SFC).

Alternative fuel in HCCI combustion mode is presented by
Gowthaman and Sathiyagnanam [18]. In this study
combustion is controlled by optimum inlet air temperatures in
order to show effect on NOx, CO and UHC emissions. The
results show that NOx emission increases with the increase of
the inlet temperature while the specific fuel consumption of
HCCI engine decreased. Hasan et al. [19] have presented a
numerical investigation of the HCCI engine modeled by a
zero-dimensional single zone powered by a four stroke single
cylinder diesel engine under the influence of several engine
parameters. The means results show the importance of
parameters such as intake air temperature and the engine speed
on the HCCI combustion which is possible to be reached under
very lean mixture.

The start of combustion (SOC) of a stoichiometric methane-
air mixture in a single-zone combustion chamber is studied by
Abareshi et al. [20]. The results show the importance of initial
temperature in controlling the SOC of HCCI engine. It’s
concluded that SOC will not occur if the initial temperature is
sufficiently low. Nishi et al. [21] present a study on the
efficiency of HCCI engine under the effect of EGR ratio and
engine speed. Results show that peak values of high
temperature heat release reaction (HTHR) are decreased when
EGR ratio increase.

Ennetta et al. [22] show the importance of adding hydrogen
on the reduction in polluting emissions in HCCI single zone.
The most important factor to make the combustion better
homogeneous and instantaneous, the EGR is not considered in
this study.

In the most common above cited references models are
developed for partial analysis HCCI combustion. In this study
a global model of HCCI combustion using simultaneously
single zone model, specific for the homogeneous combustion,
alternative fuel CH4/H, and technical EGR is performed in
order to reduce as much as possible the exhaust emissions in
Diesel engine.

The present study is a real application of HCCI combustion
under EGR effect with detailed chemical kinetics of a direct
injection diesel F8L413 engine manufactured in Algeria.

2. NUMERICAL MODELING
2.1 Model description

Figure 1 shows typical HCCI combustion where the fuel-air
charge is fully premixed in order to make sufficiently
homogeneous during inlet phase the HCCI engine involves a
type of internal combustion in which the mixture of fuel takes
place in the most homogenous way possible (as in gasoline
engines), and is compressed strongly enough to reach the point
of self-ignition where it ignites automatically. In phase
combustion the mixture starts rapidly and simultaneously at
multi points whenever heat and pressure are high enough
(Figure 1b). In this study, this typical combustion HCCI is
applied to direct injection diesel F8L413 engine in order to
reduce emissions and protect the environment.

The HCCI combustion necessitates a grouping of three

domain’s heat transfer, fluid mechanics, and chemical reaction.

Single-zone HCCI combustion models allow detailed
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modeling of the chemical kinetics of practical fuels by
assuming that the gas in the combustion chamber is
homogeneous [23]. Heywood [24] provides equations
describing the volume as a function of engine parameters. The
simulation model internal combustion engine (ICE), which is
a closed system 0-D, is valid in the period where intake and
exhaust valves are closed. The calculation process on a single-
zone is simulated in CHEMKIN software in this work. The
input parameters used are: the start crank angle equal to -180
deg before the top dead center (TDC); the cycle end time equal
to 180 deg after TDC; the engine speed equal to 2600 rpm; the
gas mixture pressure at intake valve close (IVC) equal to 1.2
bar; the gas mixture temperature at [IVC equal to 460 K; the
equivalence ratio (¢) equal to 0.3. In addition, the heat transfer
correlation has as parameters: a=0.035, m=0.7, ¢=0.0; the
temperature of the wall is taken equal to 400 K; the Woschni
correlation of average cylinder gas velocity has as parameters:
C11=2.28, C12=0.308, C,=3.24x107 and finally the swirl speed
ratio is taken equal to 0.0. The amount of gas due to the EGR
introduced into the simulation by CHEMKIN and consists of
CO2, H20, N; and O;. Its quantity varied from 0% to 60% on
the one hand and on the other hand, the quantity of H, added
to CH4 varied from 0% to 40%.

Intake vahe Exhaust valve|

Premixed fuel-air

agou

Pist-c-r.n B
N

(a) Premixed fuel

Simultaneous combustion
at multi points

(b) Homogeneous charge compression ignition

Figure 1. Typical HCCI with premixed fuel air for F8L413
engine



The characteristics of the F8§L413 engine and the operating
conditions are given in Table 1.

Table 1. Simulated engine specifications

Characteristics Specification
Type of engine compression ignition
Nominal max speed 2650 rpm
Bore (mm) 120
Stroke (mm) 125
Displacement (cm?) 11310
Compression ratio 18:1
Connecting rod length (mm) 238

Fuel type n-hexadecane (CicHs4)

The single-zone HCCI thermodynamic simulation model is
used.
The following assumptions are made:

- Temperature have a uniform

distribution;

and pressure

- The heat exchange is related to the walls and is taken
into account by the modified Woschni model [25];

- The fuel and air are premixed outside of the cylinder;
- The mixture ignites automatically by auto-ignition;
- Mixing in the cylinder is considered as ideal gas.

2.2 Numerical tool

CHEMKIN is a set of software tools, written in Fortran
language, to solve complex problems in chemical kinetics in
the gas phase. Thermochemical data for each species in the
chemical kinetic mechanism is wused to calculate
thermodynamic properties, heat transfer properties, and
reaction equilibrium constants [26].

2.3 Chemical Kinetics model

The CHEMKIN-Pro software is designed for modeling
different chemically reacting flow configurations [27].
Therefore, CHEMKIN-Pro was used as the calculation solver.

The "I" reversible (or irreversible) surface reactions involve

"K" chemical species can be represented in the general form
[28]:

iv;(ixk @iv;ixk (i=1...1) (1)
), = Z‘(Vk' Vk,) q; (k=1..... ,K) ()
g = kfinl}jzl[xk]v;d _krinlle[xk]‘,;i A3)

where:

K: Number of chemical species, dimensionless,

[Xx]: Molar concentration of the ki species, mole/cm?;

wy: The chemical production rate of the ks species due to
gas-phase reactions, mole/cm’/sec;

q:: Rate-of-progress variable, mole/cm’/sec;

vy; and v'y; represent the stoichiometric coefficients of the
ks reactant species and product species in the iy reaction,
respectively.

The forward "k;" and reverse rate "
"[" reactions are expressed by:

" constants and for the
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(4)

I(ri =— (5)

where:

A;: Pre-exponential factor;

pi: Temperature exponent;

E;: Activation energy for the reaction;

R.: Universal gas constant;

K.i: Equilibrium constant in concentration units for the i
reaction.

2.4 Governing equations

The governing equations for temperature and species are
given as follows:

- Internal Energy/Temperature:

kgas

- —_——— 6
Z VAT v (©)
- Species conservation equation with constant mass:
dy, .
P d_tk = oW, (7

with:
P: Pressure cylinder, bar;
Tw: Chamber wall temperature, K;
V: Volume, m3;
Yk: Mass fraction of the ks Species, dimensionless;
Cy: Constant-volume specific heat capacity of the mixture,
Jikg/ K;
T: Temperature, K;
p: Mass density of a gas mixture, kg/m3;
ux: Specific internal energy of the ki species, J/kg;
W: Molecular weight of the ki species, kg/mole;
he: Heat transfer coefficient, W/m%/K;
Ay: Surface area, m?,

2.5 Test fuels used for HCCI combustion

The complete stoichiometric combustion reaction for a lean
mixture is written as:

C,H, +2(0,+3.76N,)
¢

y a (8)
= XCO, +2H,0+70; +376-%N,
@

with:

a Y

St

=X+

¢: Equivalence ratio, dimensionless.

(1) Natural gas (methane) and gas mixture
Methane fueled HCCI engines operate at high CR [29] (15:



1 to 21: 1), resulting in high efficiency. Methane is considered
arepresentative of natural gas; its chemical kinetic mechanism
is incorporated into the GRI-MECH-3.0 mechanism [30],
which takes into account 53 species and 325 reactions,
including the chemistry of NOx. As part of this study, we used
the internal combustion engine (ICE) model to follow the
performance parameters as a versus of the crank angle and the
different hydrogen fractions (10%, 20%, 30% and 40%) in
methane-hydrogen mixtures at constant equivalence ratio (¢)
equal to 0.3 and engine speed equal to 2600rpm.

Mixture (CH4+H;) combustion reaction is written as
follows,

(1-a)CH, +aH, +

(5(1—0{)+2a—¢j(02 +3.762N,)

)

where the molar fraction of hydrogen added "a" is given by:

n(H.)

where, n(H,) and n(CHy4) are respectively the number of moles
of hydrogen and methane, knowing that total molar fraction of
fuel (methane+hydrogen) is the unit.

(2) N-heptane fuel

N-heptane (n-C7Hjs) is a fuel usable for HCCI engines [31,
32], it was chosen for cetane number (CN~56) which is quite
close that of conventional diesel fuels (CN~50) [32].

Table 2 shows some compared properties of different fuels.

Table 2. Comparative properties of hydrogen, methane, n-
hexadecane and n-heptane

Properties H: CHs  CieHza C7His
Molar mass
(kg/kmol) 2.02 16.04 22643 100.21
LHV (MJ/kg) 119.9 50 44.07 4492
Octane number >130 >120 - -
Cetane number - - 100 56

3. RESULTS AND DISCUSSION

The "CHEMKIN-Pro" package is used to model the
combustion and the chemical kinetics of HCCI engine. This
software is one of the most popular software packages for the
history of the net heat release rate (NHRR), temperature,
pressure of the cylinder and species concentrations. This paper
provides a study of the effect of different fuels and EGR rate
on the HCCI combustion engine and emissions. The
simulation results for different fuels such as n-heptane,
methane, hydrogen and the mixture (methane+hydrogen) were
compared with n-hexadecane (CisH34) base fuel which fueling
the F8L413 engine. The analysis results are interesting in
terms of performance and emissions. We discuss below the
different emissions and performance criteria for the fuel
studied.

The analysis of Figure 2 shows that the addition of hydrogen
leads to an increase in the ignition advance of the mixture. As
the proportion of hydrogen in the mixture is increased, the

moment of self-ignition is advanced. The explanation is that
for high hydrogen fractions are added to the mixture, the
reaction becomes explosive on the one hand, and on the other
hand, pressure (see Figure 3a) and temperatures (see Figure 2)
significant levels can be reached [33]. In addition, when the
hydrogen does not contain carbon (C), the reactive chain of its
combustion is shorter which causes an advanced self-ignition
moment and a shorter ignition time [34].
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——=— 20% H2

30% H2 f
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In-cylinder temperature (K)
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Figure 2. Temperature variation for different molar fractions

of hydrogen
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Figure 3. Pressure evolution for different fuels
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Figure 4. Species mole fraction evolution for different fuels

The pressure variation in the cylinder for different fuels
types used is illustrated in Figure 3b. It was noted that the
maximum gas pressure in the combustion chamber of F8L413
engine for n-hexadecane fuel is high compared to the other
fuels used. This is due to the highest cetane number of n-
hexadecane, i.e. 100.

Figure 4 shows the molar concentrations of the production
and disappearance of the majority species during combustion
operation for different fuels under lean stoichiometric
conditions. It was noted that an increase in water production
(H,O) with hydrogen enrichment. As the mixture is
compressed, the gas temperature in the combustion chamber
gradually increases. The species concentration begins to vary
and then CO and NO begin to form gradually. The CO; is an
inevitable gas present in the combustion products and
according to the simulation results obtained, the CO, is indeed
produced. However, replacing a fraction of methane with
hydrogen leads to a reduction in the production of CO (see
Figure 5a) and CO; (see Figure 4d) [16] on the one hand, and
on the other hand an increase occurs in the NHRR (see Figure
5b). This can be explained by the fact that, adding hydrogen to
the mixture increases the stability of combustion

The EGR are mainly composed of CO,, H>O, O, and Na.
Therefore, it is believed to have an effect on the combustion
process. Figure 6a shows the variation of NHRR with respect
to crank angle for different EGR rates. It was noted that from
this Figure, the total duration of combustion increased
significantly with the EGR rate. The peak of the NHRR per
crank angle decreases rapidly when the EGR rate goes from
0% to 60%. Once a rate of CO- leaves the engine with the



exhaust gases, it is not very reactive or flammable and can

therefore be used as an additive to slow combustion.

Moreover, these results are related to the in-flammable water.
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It has been shown that water vapor can be added to HCCI
combustion to slow the combustion rate and thus increase the
high load limits [35]. The heat rate generation from the fuel
generates a variation in the pressure and temperature of the gas
in the engine cylinder. Therefore, the increase in the rate of
EGR causes a significant decrease in temperature (see Figure
6¢), pressure (see Figure 6b) and carbon monoxide production
(see Figure 7). The explanation for this can be due to the higher
thermal capacity of the exhaust gases, which delays the
mixture to the required conditions for the initiation the cool
flame combustion [36].

Figure 9 represents the variation of NO. Figure 9a shows
that the addition of hydrogen causes an increase in NOx
emissions due to an increase in the combustion temperature
and a decrease in the SFC [17]. While UHC (see Figure 10a)



and CO (see Figure 5a) emissions were reduced [22]. Figure Tables 3 and 4.
9b shows the NO molar fraction versus crank angle with
different EGR rates. It can be seen that with the increase in the 31000

rate of EGR, NO emissions are clearly reduced compared to 30000 ]

those of combustion without EGR. In addition, the increase in —

the EGR rate leads to a reduction in the OH molar fraction (see R 29000 _

Figure 8). The reason for this can be attributed to the fact that £ 28000

the increase of the recycled gases, reduces NHRR, and thus £ 57000

lowers the maximum temperature of the cylinder due mainly O

to CO, and H,O, which have higher specific calorific % 26000

capacities [36]. The decrease in temperature and pressure 25000

cylinder with the increase in the EGR rate leads to the 24000

reduction of the indicated specific fuel consumption (ISFC),

torque, indicated work, and therefore an increase in the 23000

indicated thermal efficiency as shown in Table 4. 0% H2 10% H2 20% H2 30% H2 40% H2
Figure 10a represents the evolution of the UHC molar ; ; —

fractigon. It can b(f seen that the UHC emissions decrease with (8) UHC for different molar fractions of Hz at = 0.3

the increase of hydrogen fraction and decreased significantly 45000

with the increase of EGR rate as shown in Figure 10b. 40000 | -
The maximum torque generated by methane is greater than 35000 —

that generated by the other fuels tested. It reaches its maximum —_

value at 52.91(N. m) as shown in Table 3. Thus, the indicated é 30000 T

thermal efficiency of the mixture at 40% hydrogen is 6.56% £ 25000

higher compared to a mixture 0% hydrogen (pure methane) % 20000

and 18.32% compared to diesel fuel (n-hexadecane). In DO 15000

addition, the ISFC is reduced by 23.04% and 28.10% 10000

respectively for a mixture with 0% of hydrogen and a mixture 5000

with 40% of hydrogen compared to n-hexadecane fuel. This 0

can be explained by the fact that hydrogen has more ener

than methgne and ii/s lower heatingyvaluge (LHV=120 MJ/kgg}), 0% 5% 10% 30% 50% 60%

is higher than other types of fuel used [34]. EGR EGR EGR EGR EGR EGR
The numerical simulation results obtained clearly show that (b) UHC evolution with different EGR rates

the type of fuel has a significant effect on the temperature and

pressure gases in the combustion chamber, therefore on Figure 10. UHC evolution

emissions as well as on engine performance as indicated in

Table 3. Engine performance parameters (cycle) with different fuels

Fuel Indicated IMEP Indicated power Torque (N. ISFC (g/KW-  Indicated thermal efficiency
work (kJ)  (bar) (kW) m) h) )
Ci6Ha4 0.6146 4.348 13.32 4891 161.9 0.5052
C7His 0.5918 4.186 12.82 47.09 163.2 0.4911
CH4 0.6649 4.703 14.41 5291 124.6 0.5779
H: 0.6533 4.621 14.16 51.99 58.38 0.5139
10%H:2 -90%CHa4 0.6581 4.655 14.26 52.37 123.9 0.5813
20%H:2- 80%CHj4 0.6547 4.631 14.19 52.10 122.2 0.5894
30%H:2- 70%CHj4 0.6530 4.619 14.15 51.97 119.7 0.6016
40%H:2- 60%CH4 0.6524 4.615 14.14 51.92 116.4 0.6185
Table 4. Engine performance parameters (cycle) with different EGR rates
Performance 0 %-EGR 5 %-EGR 10 %-EGR 30 %-EGR 50 %-EGR 60 %-EGR
Max-T (K) 2216.0 2154.0 2103.0 1899.0 1698.0 1595.0
Max-P (bar) 106.1 103.0 100.5 90.36 80.49 75.46
Indicated work (kJ) 0.6146 0.5816 0.5537 0.4395 0.3239 0.263
Torque (N.m) 4891 46.28 44.06 34.97 25.78 20.93
ISFC (g/kWh) 161.9 160.4 159.7 156.4 151.6 149.4
Indicated thermal efficiency (-) 0.5052 0.5101 0.5124 0.5232 0.5397 0.5478
4. CONCLUSIONS 1. The addition of H, to CH4 has a significant effect on the
HCCI combustion engine mode.
ANSYS CHEMKIN-Pro software is widely used in the 2. The effect of adding H> to CH4 results a reduction in fuel
development and optimization of combustion. Several tests of consumption and burning time on the one hand and on the
the calculation code were done. The general conclusions can other hand, the indicated thermal efficiency was increased.

be summarized as follows:
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3. Improving the engine thermal efficiency and reducing
CO and UHC emissions can be achieved by adding a certain
percentage of H, to the lean methane. Hydrogen therefore
represents an element of self-ignition control of (CH4+H>)
mixtures.

4. When the initial conditions are known, the single-zone
model makes it possible to accurately predict the ignition of an
HCCI engine.

5. Pollutants formation such as CO and NO in the
combustion chamber, among other things, is associated with
the presence of high temperatures in the flame.

6. Increasing the EGR rate slows the combustion process,
resulting in a lower rate of heat release rate and thus a longer
burning rate. In addition, it contributes to reducing NO
emissions. The NOx was reduced by 52.42% for (10%-EGR)
compared to (5%-EGR) used.

Results have shown that among the considered parameters,
the mixture (methane+hydrogen) is one of the best alternatives
as a renewable fuel for diesel engines from economic point of
view, energy and environmental protection while overcoming
difficulties in infrastructures, development, production and
distribution of hydrogen.
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