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Comparison of a Detailed and a Reduced Ethanol Oxidation Mechanism in
HCCI Combustion Using a Multi-Zone Model
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Abstract: The subject of the present study is the comparison of a detailed and a reduced ethanol oxidation mechanism.
The main scope is to determine whether the reduction of species and reactions, which reduces the simulation time, affects
the prediction of performance and emissions from a multi-zone model. The numerical study is conducted using a previ-
ously published multi-zone model, which incorporates chemical kinetics for the estimation of reaction rates. The model
also includes sub-models for the description of heat transfer, mass transfer and crevice flow, and produces a temperature
distribution within the combustion chamber. The cases simulated and examined involve ethanol HCCI combustion in a re-
ciprocating internal combustion engine with various equivalence ratios. At each load two simulations are conducted with
the multi-zone model, i.e. one with each oxidation mechanism, and the results are compared to the corresponding experi-
mental results. The comparison of the two oxidation mechanisms includes simulation times, pressure traces, heat release
rates, composition and quantity of unburned hydrocarbons emissions, including their composition, carbon monoxide and
nitrogen oxides emissions. The reduced model decreases the simulation time by 50%. The two mechanisms produce al-
most identical results as regards ignition timing. The pollutant emissions predicted are essentially the same for the two
mechanisms, with the greatest difference occurring between predicted CO emissions (~9%) at the low load cases.

Keywords: HCCI engine, Multi-zone model, Ethanol, Oxidation mechanism, HC emissions, CO emissions, NO, emissions.

1. INTRODUCTION

Bio-fuels have received a growing attention in the past
years as potential fuels for internal combustion engines
[1-6]. The benefits from the gradual replacement of fossil
fuels by bio-fuels are both socioeconomic and environ-
mental. The production of bio-fuels decreases the energy
dependence from fossil fuels and supports the agricultural
population [3,7]. Moreover, bio-fuels have the potential to
reduce certain pollutant emissions such as greenhouse gases
due to their renewable character, and particulates due to their
oxygenated chemical structure [3]. For these reasons, bio-
fuels have been used in compression ignition (CI) [3-5,8,9]
and spark ignition (SI) engines [10-12] as neat fuels or sup-
plements.

In parallel to the research related to bio-fuels, a relatively
new combustion concept has been developed especially in
the last 10 years, i.e. the homogeneous charge compression
ignition (HCCI) combustion. HCCI combustion shares
common features with the SI engine due to the premixed
nature of the charge [13]. It is also similar to CI engines
since ignition relies upon auto ignition of the compressed
charge. The benefits of using HCCI combustion are the
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absence of soot emissions, low NO, emissions and increased
thermal efficiency provided that ignition timing is favorable
[13]. However, unburned hydrocarbons (HC) and CO emis-
sions remain at a high level. Moreover, in the absence of
direct means to control ignition, the ignition timing and
combustion duration strongly depend on chemical kinetics,
which are connected to the type of fuel used. These issues
are the most challenging problems related to HCCI combus-
tion.

Among the various techniques used for controlling igni-
tion and combustion is the use of neat fuels and blends
thereof [14-17]. The main aim of these experimental studies
is to investigate the reactivity of the fuels relative to HCCI
performance and emissions. Among the fuels — and blends
thereof - being tested are PRF fuels, methane, reformed gas
and hydrogen, and bio-fuels such as methanol, ethanol, bio-
diesel, diethyl ether etc. Ethanol has been used as a fuel in
HCCI engines, either as neat ethanol [18,19] or as a supple-
ment [20,21]. Current research also focuses on using wet
ethanol in HCCI combustion since its production is cheaper
and energy-saving [22].

Towards understanding the reactivity of conventional fu-
els and bio-fuels, simulation models have been used, includ-
ing in the vast majority single zone models and to a much
lesser extent computational fluid dynamics (CFD) and sim-
plified multi-zone models [20,23-28]. These models simulate
the compression, combustion and expansion processes in
HCCI engines, and are being used for understanding the
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chemical processes involved. They are also used to evaluate
various chemical mechanisms, some of which include nu-
merous species and reactions [25]. The size of the chemical
mechanism used determines the total simulation time re-
quired and imposes a limit on the use of such mechanisms in
the more descriptive multi-dimensional or multi-zone mod-
els. This motivates researchers to reduce detailed chemical
mechanisms, by ignoring appropriate species and reactions,
and to use mostly single zone models for the study of the
detailed and reduced chemical mechanisms.

Single zone models can be used to investigate the igni-
tion timing and species evolution within the combustion
chamber, which is considered uniform by definition [24,29].
They can also be used to clarify the effect of various parame-
ters such as exhaust gas recirculation (EGR), inlet tempera-
ture, engine speed, compression ratio etc, mainly at the onset
of combustion. Although ignition timing and species reactiv-
ity are indeed phenomena of interest, the performance of a
detailed or reduced chemical mechanism under non-uniform
in-cylinder conditions is equally significant. Such non-
uniform conditions are encountered in real engines and can
be described only with the use of multi-zone and CFD mod-
els. Complex processes such as heat and mass transfer de-
termine the temperature field within the combustion chamber
and affect significantly the formation of CO and HC [30].
Since the formation of these pollutants also depends on
chemical kinetics, their prediction imposes a challenge to
any chemical mechanism, especially the reduced ones. The
challenge lies in the adequate performance of the chemical
mechanism in low temperature regions, which exchange
mass with the hotter regions of the combustion chamber in a
perpetual manner. It is in these regions that CO and HC are
formed as a result of the complex interactions previously
described. Thus, if performance and especially CO and HC
emissions are to be predicted at least qualitatively, a reduced
chemical mechanism must be adequate to describe oxidation
processes under such diverse conditions.

This is the focus of the present study, namely to evaluate
the relative performance of two ethanol oxidation mecha-
nisms, one detailed and one reduced —the latter derived from
the former— by incorporating them into a multi-zone model.
The multi-zone model consists of zones, which are given
spatial locations and dimensions. The zones exchange heat,
based on their temperature difference, and mass according to
their configuration to maintain the in-cylinder pressure uni-
form. The model includes a zone representing the crevice
regions, which is considered to be a source of HC. The varia-
tion of mixture composition due to combustion is determined
using chemical kinetics and the corresponding chemical
mechanism. With the description of these interacting and
thermodynamically diverse regions, the chemical mecha-
nisms are compared on a more realistic basis. The features
compared are the simulation time, predicted pressure traces,
heat release rates, NO, and CO emissions and HC composi-
tion and quantity. The results obtained from the simulation
using the two mechanisms are also compared to the corre-
sponding experimental results to provide a realistic frame-
work for the study. The comparison to experimental results
triggered some considerations regarding HC emissions from
oxygenated fuels, which are qualitatively discussed in this
study and will form the subject of future research.
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2. MODEL DESCRIPTION

In this section a brief outline of the multi-zone model is
provided, since its development has been presented in detail
in previous reports [30-32].

2.1. Zone Configuration

As shown in Fig. (1) the combustion chamber is divided
into three different types of zones, i.e. the core zone, the
outer zones and the crevice zone. The core zone is a cylinder,
each of the outer zones is a cylindrical annulus and the crev-
ice zone lies beneath the outmost zone. The crevice zone is a
fraction of the clearance volume and represents the crevice
regions that communicate directly with the combustion
chamber, i.e. the region above and behind the first compres-
sion ring, the head gasket crevice etc.
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Fig. (1). Schematic of the multi-zone model zones configuration.

The volume of the remaining zones varies throughout the
engine cycle and it is calculated according to their thickness.
As seen in Fig. (1), the thickness of each zone is the distance
between its inner and its outer boundary. Since the core zone
has only an outer boundary, its thickness is defined as half its
height. As the piston head moves during compression and
expansion, the distance of the bottom boundary of each zone
from the piston head is held constant. Therefore, the thick-
ness of all outer zones, which is considered the same in the
x- and y- direction, is constant during the cycle. On the con-
trary, the thickness of the core zone is altered since its height
decreases during compression and increases during expan-
sion. At top dead center (TDC) position, the sum of all zone
thicknesses must equal half the cylinder clearance height:

— —min_ )

2.2. The First Law of Thermodynamics Applied to the
Multi-Zone Model

The combustion chamber as a whole is considered as a
closed system during compression combustion and expan-
sion, i.e. charge blow-by is not considered. On the contrary,
each zone of the multi-zone model is considered as an open
thermodynamic system. All zones exchange heat, mass, spe-
cies and enthalpy based on the configuration shown in Fig.
(1). This implies that any of the aforementioned interactions
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(heat and mass transfer) occurs through the interface of
neighboring zones. At the combustion chamber boundaries
heat is transferred to the combustion chamber wall only
through the crevice zone (zone 1), which is considered to
assume the wall temperature, and the outmost zone (zone 2),
which is considered to be in contact with the wall. During
the engine cycle, the volume of each zone changes due to the
piston motion, and can be directly calculated based on the
zone thickness and the configuration shown in Fig. (1). This
volume change of each zone induces mass transfer between
neighboring zones to maintain uniform pressure within the
combustion chamber. Moreover, mass exchange can also be
the result of combustion in a zone or its neighboring ones.
Since blow-by is neglected, the conservation of mass princi-
ple requires that at any instant the total mass within the com-
bustion chamber remains unaltered. Treating each zone as an
open thermodynamic system, the First Law of Thermody-
namics takes the following form:

J . J
dUi =Q - Pcyl dVi + E nj]‘low,mhj _ E nj}‘low,outhj ,
J=1 =1

i=1,2 . )

where dU; is the change in the internal energy of the gas
in zone i, n; are the kmoles of species j transferred in or out
of zone i, and h; is the corresponding molar specific enthalpy
of species j.

According to Eq. (2), the change in the internal energy of
the gas in each zone depends upon the net heat gained Q; by
zone i, the work produced or consumed P, -dV;, and the en-
thalpy inflow and outflow from the neighboring zones. The
enthalpy flow between zones represents the convective heat
transfer term, i.e. energy transfer due to bulk motion. As
soon as the mass flowing from each zone to the neighboring
zones is determined, the species transfer and the enthalpy
transfer term(s) in Eq. (2) are easily evaluated, assuming that
the mass flowing between neighboring zones has the ther-
modynamic properties (i.e. temperature, specific enthalpy
and chemical species composition) of the zone from which it
originates. The following subsections describe the proce-
dures applied for the estimation of the heat exchange term Q;
and the determination of the mass flow between zones.

2.3. Heat Transfer

In the multi-zone model, heat is transferred from the
outmost zone and the crevices to the combustion chamber
wall as well as between neighboring zones as shown in Fig.
(2). The crevices are considered to rapidly assume the wall
temperature and preserve this for the remaining part of the
closed cycle.

For the estimation of the wall heat flux @y, the no-slip

boundary condition [33] is applied to the gas in contact with
the wall. According to the no-slip condition, the fluid in con-
tact with the combustion chamber wall assumes the velocity
of the boundary (wall) and it is thus considered stationary.
Consequently, heat is transferred through this thin fluid layer
only via conduction. Therefore, the wall heat flux is esti-
mated by:
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Fig. (2). Description of heat interaction between zones, and sche-
matic of the heat transfer between zones and the combustion cham-
ber wall.

. d
qw = —kW— (wall boundary condition) .. 3

Nlir,=0

where k,, is the conductivity of the charge at the cylinder
wall temperature, r,, is the normal distance from the wall, and

aT
— the temperature gradient at the wall (i.e. at r,=0).

ar,

Nlr, =0
The temperature gradient at the wall is approximated nu-
merically by the relations:

aT Tz _Tw i T3 _Tz N
- = , when
| o\ /2 ) (@, +t)/2
Ty <Ty <T3 andTW<'F ... (4a)
T T,-T,

= , in all other cases ... (4b)
| t,/2

The heat transfer sub-model also caters for heat transfer
between zones. This is incorporated into the multi-zone
model by considering heat transfer via a mechanism similar
to conduction, i.e. the heat flux between neighboring zones is
based on their temperature difference and mean distance, so
that:

oT
tot GT ... (5)

n

q =k

The amount of heat exchanged at the interface of two
neighboring zones is calculated by multiplying the heat flux
by the interface area and the time step used. The net heat
exchanged for each zone Q; is then the algebraic sum of the
heat exchanged with its outer and inner zone.

For the determination of the total conductivity in Eq. (5),
the approach of Yang and Martin [34] is followed:

Ky =k +K, .. (6

tot
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The ratio of turbulent to laminar conductivity is calcu-
lated using the following formula:

ke _Prom

= @)
ki Proy

The formula presented above presupposes swirl domi-
nated flows and it is used in the absence of other data. The
viscosity ratio of Eq. (7) is calculated from the formula:

B kr."[L- exp(-2akr,")] .. (8)

W

where the dimensionless normal distance from the wall I’n+,
which is effectively a Reynolds number, is given as:

LU
r, =—[pdr, .o (9)
A

where x=0.41 is the von Karman constant, « = 0.06 and r, is
the normal distance from the wall. The characteristic velocity
u” is considered to be proportional to the engine speed. This
proportionality constant was taken equal to 0.06, for the pur-
poses of the present study, and it was chosen in a way to
match mainly the compression and peak combustion pres-
sures.

The Yang and Martin approach has been used in the past
by other authors [35] for the estimation of heat losses in
HCCI engines via CFD modeling, and for the estimation of
wall heat transfer in premixed charge engine combustion
[36]. More recently, the Yang and Martin formulas for turbu-
lent conductivity and the adaptation to HCCIl multi-zone
modeling, as presented herein and in previous studies by the
authors [30,31], has been adopted by other researches in their
HCCI multi-zone models [37-39].

2.4. Mass Transfer

Mass is transferred between zones to maintain the pres-
sure uniform inside the combustion chamber. The mass
transferred between zones is calculated using the ideal gas
equation of state along with the conservation of mass within
the combustion chamber. The assumption of uniform pres-
sure and the use of the ideal gas equation lead to the equa-
tions:

m;
Pcy|Vi = M:I RUTi =1,z (10)
1

Solving Eqg. (10) for the mass of each zone and summing
up, we end up with:

Z Z Py ViM;

Emi = Mgy =ET .. (11)
u’'l

i=1 i=1

Equation (11) relates the cylinder pressure to the total
charge mass, which remains constant since blow-by is not
taken into account. Therefore, the mean cylinder pressure at
each crank angle (CA) step is calculated from:
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Mg, R
yl u
ViM;
= T
Once the uniform pressure is calculated, the mass of each

zone is determined using the equation of state for an ideal
gas:

Vi M,
= I —_—
| K RuTi

m:  i=1,z... (13)

The mass change of each zone during the crank angle
(CA) step is the difference between the zone mass calculated
by Eq. (13) and the zone mass at the previous CA step:

Am, = m, —mPreeA =1 7 .. (14)

This mass change of each zone, which is calculated
thermodynamically by Egs. (13) and (14), equals the net
mass flow from its neighboring zones. Taking into account
the configuration of the zones, mass flows only between
neighboring zones:

flow flow
Ami =M —Mi5, (15)
The mass flow between zones can be calculated by suc-
cessively applying Eq. (15) for all zones starting from zone 1

(crevice) for which the mass change Am; is equal to

mlﬂ_?\év, i.e. the mass flowing through the interface of zones
1 and 2. The latter holds since blow-by is not accounted for
in the model.

The transfer of species is calculated based on the assump-
tion that the mass flowing from a zone to its neighboring one
has the chemical composition of the zone from which it
originates. This mixing, owed to mass transfer, affects the
final chemical composition of the zones and the average
zone molar mass M; used in Egs. (12) and (13). Both of
these effects are taken into account in the model during con-
vergence at each CA step.

The mass transfer procedure presented herein has been
adopted by other researches for the simulation of mass trans-
fer in a relatively new combustion concept, namely the po-
rous medium engine [40].

2.5. Combustion and Pollutants Formation

Combustion is described using the set of chemical reac-
tions included in the two ethanol oxidation mechanisms. The
detailed mechanism has been developed by Marinov [41]. It
consists of 57 species and 383 reactions, and is available
online [42]. The detailed mechanism of Marinov has been
recently reduced by Réhl and Peters at the Institute of Com-
bustion Technology of Aachen University, Germany [43].
Their reduced mechanism includes 38 species and 228 reac-
tions, and it is also available online [44]. The 19 species ex-
cluded in the Roéhl and Peters’ mechanism are HCOH, for-
mic acid (HCOOH), methanol (CH;OH), C,0, CHOCHO,
HOC,H,0,, CH,CHCO, CH,CHCHO, CH;CHCO,
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Table 1. NO, Formation Reactions [45]

1. N+NO=N,+O

2. N+0,=NO+O

3. N+OH=NO+H

4. NO+HO,=NO,+0OH
5. NO,+0=NO+0,

6. NO,+H=NO+OH
7. NO+0O+M=NO,+M
8. N+CO,=NO+CO
9. N,O+O=NO+NO
10. N,O+0=N,+0,
11. N,O+H=N,+OH
12. N,0+M=N,+0+M
13. N,O+OH=N,+HO,

CH2CHCH20, a_C3H4, p_C3H4, a_C3H5, p_C3H5, S_C3H5,
CsHg, i—C3H7, n—C3H7 and CsHg. As will be shown subse-
quently, most of these species are found in very small
amounts at the highest and lowest load cases studied herein.

Since the aforementioned mechanisms do not provide for
NOy reactions, they have been augmented by NO, formation
reactions including species such as NO,, NO, N,O and N.
The NOy formation reactions were adopted by another oxida-
tion model, namely the oxidation model of isooctane created
by Golovitchev at the Chalmers University, Sweden [45].
The additional NOy reactions and the relevant species are
presented in Table 1. The final mechanisms used along with
the number of species and reactions considered are given in
Table 2.

Since mass transfer is taken into account in the present
multi-zone model, the final amount of each chemical species
in each zone —including CO, HC and NO,~ is determined by
its net formation rate and by the net amount of the species
transferred to the zone via mass transfer. The exchange of
species between zones and, especially, the transfer of com-
bustion products in and out of the crevices play an important
role in the formation of CO and HC emissions.

3. RESULTS AND DISCUSSION
3.1. Chemical Mechanism Evaluation Procedure

The validation of any chemical mechanism is usually
conducted by comparing the predictions of each mechanism
to experimental data. These data include species concentra-
tions in flow or stirred reactors, laminar flame speeds in con-

Table 2. Oxidation Mechanisms used in the Simulation
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stant volume bombs, ignition delay data from shock tubes etc
[41,43,46]. This fundamental testing of each chemical
mechanism is of course necessary for the understanding of
the reactions and species involved. However, the inclusion of
many reactions and species increases the computational time
required for the simulation of the oxidation process. Moreo-
ver, some detailed mechanisms also include species and re-
actions that are important under fuel rich conditions, which
do not take place in HCCI engines. From the perspective of
HCCI combustion modeling, it is obvious that the details
necessary for the simulation of the combustion process are
less demanding. Computational time, on the other hand, is a
key factor, especially when these mechanisms are designed
for CFD or multi-zone model simulations. However, care
should be exercised when using reduced models and their
applicability range should be tested.

The current study focuses on this latter issue. As stated in
the Introduction, the main objective is to compare the two
ethanol oxidation mechanisms presented in subsection 2.5,
and determine whether the reduction of a detailed chemical
mechanism induces significant alterations to the predicted
performance and emissions of a HCCI engine. Apparently,
such a comparison can be done without any reference to ex-
perimental data. However, in order for the simulation to pro-
duce realistic results, some of the experimental cases pre-
sented in Ref. [18] by the Lund Institute of Technology,
Sweden, have been included herein for reference. The ex-
periments conducted by these researchers refer, among oth-
ers, to ethanol-fueled HCCI engine. The details of the engine
and the operating conditions, which were used in the ex-
periments and adopted in the present study, are provided in
the next subsection.

It should be emphasized that the primary purpose of the
study is not to validate the multi-zone model under the actual
experimental conditions, but rather to provide a more realis-
tic framework for the comparison of the two chemical
mechanisms.

3.2. Engine Specifications — Operating and Modeling
Conditions

The experimental data used for reference in the present
work were provided by Lund Institute of Technology from a
relevant experimental investigation. The details of this inves-
tigation have been published in Ref. [18] and involve the use
of ethanol as a HCCI fuel under various equivalence ratios.
The engine considered was a Volvo TD100 diesel engine,
modified to operate in HCCI mode. This was achieved by
preheating the air stream and injecting the fuel into the air
stream prior to its entrance to the engine cylinder. The main
design data of the engine used in the experiments are given
in Table 3, while the corresponding operating conditions,
which include five different load cases, are shown in Table
4. The term ¢ (phi) included in Table 4 is defined as the fuel-

Source

Species Reactions

Marinov [41] with NOy reactions from [45]

61 396

Rohl and Peters [43] with NOy reactions from [45]

42 241
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Table 3. Engine Main Design Data

Compression ratio 21:1
Bore (mm) 120.65

Stroke (mm) 140

Connecting rod (mm) 260
EVO (deg bBDC) 39
EVC (deg bTDC) 10
IVO (deg aTDC) 5
IVC (deg aBDC) 13

Table 4. Engine operating Conditions

Fuel C,HsOH

Engine speed (rpm) 994

Fuel-air equivalence ratio ¢ 0.15-0.26

Inlet conditions Naturally aspirated

Air inlet temperature Ti, (°C) 120 (preheated air)

Residual fraction (est.) (%) 35

air equivalence ratio, i.e. the actual fuel-air ratio divided by
its stoichiometric value.

Sixteen (16) zones were used for the multi-zone model
simulation, including the crevice zone (zone 1). The crevice
volume is considered constant throughout the engine cycle
and estimated to be about 1.5 cm®.

The temperature and composition at IVC event are con-
sidered uniform throughout the cylinder, and the wall tem-
perature was estimated at around 450 K due to the high air
inlet temperature required to ignite ethanol. The procedure
followed for each load case was to run a simulation with the
reduced chemical mechanism of Rohl and Peters to deter-
mine Tj., which results to ignition close to the one observed
in the experiments. This was necessary since Tjy is generally
different from the air inlet temperature T;, [31] and affects
the ignition timing. Subsequently, the detailed mechanism of
Marinov was used to simulate the same load case, while us-
ing the same T;, as estimated by the aforementioned proce-
dure, and also keeping all other modeling parameters unal-
tered. This provides the basis for the direct comparison of
the two mechanisms under identical HCCI operating condi-
tions.

The results presented in the following subsections aim
mainly to the comparison of the two chemical mechanisms
considered. However, as stated previously, comparison to
experimental results is also given for reference.

3.3. Computational Time

The reduction in computational time when using Rohl
and Peters’ oxidation mechanism instead of Marinov’s, is
shown in Fig. (3).
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Fig. (3). Computational time required by the multi-zone simulation
for the five load cases examined, using the two oxidation mecha-
nisms.

The computational time corresponds to an Intel Core Duo
2GHz processor. Réhl and Peters” mechanism required ap-
proximately 50% of the computational time. Considering the
fact that their mechanism includes about 2/3 of the species
considered in Marinov’s oxidation mechanism, the non-
linear dependence of computational time on the number of
species is evident. The reduction in computational time is
significant and allows for the use of such reduced mecha-
nisms in multi-zone and especially CFD modeling, in which
computational time is a significant factor.

However, care should be exercised when using reduced
mechanisms, since a loss of accuracy often accompanies
such reductions. This is the subject of the following subsec-
tions, which examine the effect of species and reactions re-
duction on the basic performance and emissions characteris-
tics of HCCI combustion.

3.4. Pressure Traces and Heat Release Rates

In Figs. (4a-4e), a comparison is shown between experi-
mental and simulated pressure traces and heat release rates.
Comparing the simulated pressure traces and heat release
rates, it can be seen that a shift in ignition timing occurs.
Rohl and Peters” mechanism predicts a slightly earlier com-
bustion phasing than that of Marinov’s for the same Tiy,
which was determined using the former mechanism. Viewed
closer, this is not delayed ignition, but rather overestimation
of combustion rate when using the Réhl and Peters’ mecha-
nism. This becomes apparent by considering the fact that the
first appreciable non-zero heat release occurs at the same CA
for the two mechanisms and the heat release rates are identi-
cal for the following 4 degrees of CA. After this period, the
Rohl and Peters’ mechanism slightly overestimates the com-
bustion rate. Loosely viewed, this can be considered delayed
ignition depending on the definition of ignition angle, i.e. at
5 or 10% heat released, since up to the point where the two
predicted heat release rates diverge only 3% of the total fuel
energy has been released. This slight underestimation of ig-
nition delay in R6hl and Peters’ mechanism was also pointed
out by the researchers in Ref. [43].
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Fig. (4). Experimental and simulated pressure traces and heat release rates for the five load cases examined, for various values of ¢. (a)
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Comparing the experimental results with the simulated
ones, it can be seen that at high loads the match is adequate
with a slight underestimation of expansion pressures. At low
loads, there is an overshooting of peak combustion pressure.

It has to be noted though that at low load conditions,
combustion efficiency deteriorates, and for the lowest load
cases (Figs. 4a and 4b) it was determined experimentally to
be about 90-95%. Under such low load conditions (imepye <
2.2 bar), inhomogeneties within the combustion chamber
seem to predominate. This could justify the prolonged heat
release observed in the experimental HRR for the two low
load cases and the overshooting of simulated pressure traces.

The overestimation of heat release rate observed in the
higher load cases could be attributed partly to the unavoid-
able smoothing of the experimental heat release rate and also
to the different models used for the estimation of heat losses
during combustion.

3.5. Emissions

The emissions presented in this subsection refer to spe-
cific emissions expressed in g/kWh and evaluated in the
closed part of the engine cycle, i.e. from IVC to EVO. Spe-
cific emissions were also originally presented by the experi-
menters at the Lund Institute of Technology [18]. The emis-
sions were presented as g/kWh, and referred to the entire
four stroke cycle. The transformation to g/kWhycevo was
achieved by taking into account the work produced during

the entire cycle and the work produced during the IVC-EVO
interval.

3.6. NO, Emissions

As already mentioned, the two oxidation mechanisms did
not originally include NOx formation reaction. Therefore,
additional species and reactions were included as described
in subsection 2.5. The nitrogen oxides (NO,=NO+NO,)
emissions results obtained from these augmented oxidation
mechanisms for the five different load cases examined are
shown in Fig. (5).
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9 4
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Fig. (5). Experimental and simulated results for NO, (NO+NO)
emissions using the two oxidation mechanisms.
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Fig. (6). Zone temperature distributions produced by the two
chemical mechanisms, for the high load case (¢=0.2641).
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Fig. (7). Experimental and simulated results for CO emissions using
the two oxidation mechanisms.

At the lower load cases the agreement is adequate, whilst
in the higher load cases NOy emissions are over-predicted.
However, it has to be emphasized that NO, emissions are
very sensitive to temperature variations, especially when
these variations are near the onset of NO, production, i.e.
about 1800 K. This sensitivity on temperature and the fact
that simulated pressure traces are steeper than the experi-
mental ones, is probably the main reason for the overestima-
tion of specific NO, emissions. The aforementioned are sup-
ported by Fig. (6), in which the zone temperature distribution
is shown for the two mechanisms at the highest load case.
The slight underestimation of the total work produced during
the closed part of the engine cycle, contributes also to the
difference observed in Fig. (5).

As regards the two chemical mechanisms, Marinov’s,
and Rohl and Peters’ mechanisms produce almost identical
results, due to the similar zone temperature distributions
produced by the two mechanisms (Fig. 6). The slightly
higher NO, emissions predicted by the Rohl and Peters’
mechanism is probably due to small differences in the pre-
dicted combustion rate. Another reason is due to the applica-
tion of the same IVC conditions for both mechanisms; with
the Marinov’s mechanism a slightly higher initial tempera-
ture (~1 - 2 °C) should be used to better capture the combus-
tion phasing.

Komninos and Rakopoulos

3.7. CO Emissions

Simulated and experimental carbon monoxide (CO)
emissions are presented in Fig. (7). The experimental emis-
sions for the highest load cases, as presented in [18], were
too low to be extracted with accuracy from the original dia-
grams and this is why they have not been included. The trend
of decrease of CO with load increase is well captured. How-
ever, a discrepancy is observed concerning the absolute val-
ues.

Comparing simulated and experimental NO, and CO
emissions (Figs. (5) and (7)), especially at high loads, we
observe that although NO, emissions are over-predicted -
implying an overestimation of the temperature in the high
temperature regions -, CO emissions are also higher than the
experimental ones. If this NO, over-estimation was the result
of a general over-estimation of the temperature in all zones,
CO emissions should have been under-predicted, unless
there was an abundance of HC emissions, which is the
source of CO production. This could be the case if the effec-
tive crevice volumes were over-estimated, leading to an
over-prediction of both CO and HC emissions at all loads.
Although this is true for the HC emissions as will be shown
subsequently, CO emissions are under-predicted at low load
as shown in Fig. (7). Therefore, the most plausible explana-
tion is the under-estimation of the work done by the engine,
which can be seen in the pressure diagrams in Fig. (4) and is
more pronounced at the higher loads.

The two chemical mechanisms used produce similar re-
sults for the examined cases. The maximum difference ob-
served at low load is not significant (~9%) considering the
sensitive nature of CO formation. This divergence is in part
due to the difference in the delayed combustion phasing
when using Marinov’s mechanism. In Fig. (8) the in-cylinder
CO history (as a function of degrees CA) is shown for the
lowest load case, in which the difference is more pro-
nounced. As expected, a shift is observed in the CO history
and a slightly steeper net production for the R6hl and Peters’
mechanism. These differences between the two mechanisms
are more pronounced during combustion. However, the final
CO values are very close.
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Fig. (8). In-cylinder CO history as predicted by the two chemical
mechanisms, for $=0.1544.
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Fig. (9). Experimental and simulated results for HC emissions using
the two oxidation mechanisms.

3.8. HC Emissions

Predicted and experimental (unburned) hydrocarbons
(HC) emissions are shown in Fig. (9). Simulated HC emis-
sions are indicated with solid lines. The two chemical
mechanisms produce similar results as in all previous pa-
rameters tested. The greatest difference between the two
mechanisms is observed in the lowest load case, but even in
this case it is around 3%.

The trend of HC reduction with increasing load is well
captured by the models, but the absolute predicted values are
higher than the experimental ones. One reason for this dis-
crepancy is the under-estimation of the expansion work,
which decreases the denominator of the simulated emissions
(expressed as specific emission values). Another reason is
that a portion of the HC located within the combustion
chamber will not escape towards the exhaust valve, while the
one that does escape from the combustion chamber may be
partially oxidized in the exhaust manifold. Therefore, in-
cylinder HC emissions at EVO are expected to be higher
than the exhaust values as shown in the simulated results of
Fig. (9).

Apart from these considerations, the results shown in Fig.
(9) must be interpreted with caution. In the simulation, the
HC emissions shown include both non oxygenated HC and
oxygenated HC (OHC) species. It is obvious that the fraction
of OHC species is high when using oxygenated fuels, as is
the case with ethanol. The usual measuring device for the
measurement of HC emissions is the Flame lonization De-
tector (FID), which is essentially a carbon atom counter [47-
49]. The trivial procedure is to assume that the carbon atoms
detected were attached to one or more hydrogen atoms,
thereby interpreting the FID ppm indication as CH or CH,
concentration. According to this procedure, to transform the
“ppm” indication into grams it is necessary to multiply it by
the total number of exhaust gas moles expelled during the
cycle and by an appropriate molar mass. However, this pro-
cedure does not necessarily provide the actual mass of the
total unburned hydrocarbons due to two main reasons:
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firstly, not all carbon atoms passed through the FID are de-
tected; carbon atoms attached to oxygen atoms are not easily
detected especially when the oxygen and carbon form a car-
bonyl group (C=0). Secondly, even if these oxygenated car-
bon atoms were detected by the FID, they would be assigned
a molar mass of 13 kg/kmol (if considered as CH) or at most
16 kg/kmol (if considered as CH,), whereas the actual molar
mass of the oxygenated carbon group would be at least
12+16=28 kg/kmol. The error involved in such an assess-
ment, depends on the actual composition of the unburned
HC. It becomes significant when the FID span (calibration)
gas is an ordinary non-oxygenated hydrocarbon and the en-
gine exhaust gases (the sample gas) consist of oxygenated
compounds.

In order to investigate the aforementioned line of
thought, the composition of the predicted HC species is
given in Fig. (10) for (a) the highest and (b) the lowest load
cases. In this figure, all HC species found in quantities
greater than 1.0 x10™° are shown.

Several conclusions can be drawn from the figure: firstly,
from the 19 additional species that the Marinov mechanism
includes and the Rohl and Peters excludes, only methanol
(CH30H) and formic acid (HCOOH) are present in the Mar-
inov predicted results. This indicates that for the cases under
study, the omission of the remaining 17 species in the Rohl
and Peters mechanism does not affect significantly the com-
position of the total HC produced.

Secondly, there are some differences in the quantities of
the remaining common species. For example, at the high
load case (Fig. 10b) the Rohl and Peters’ mechanism pre-
dicts more acetaldehyde (CH;CHO) than methane (CHy),
while with Marinov’s mechanism this trend is reversed, indi-
cating a qualitative difference between the two mechanisms.

With the results presented in Fig. (10) it is possible to as-
sess theoretically the performance of a hypothetical FID ana-
lyzer, in which the simulated HC emissions at EVO could be
introduced. Two issues are of concern in the following
analysis. Firstly, how much of the carbon atoms of the HC
predicted in Fig. (10) would have been detected by such a
hypothetical FID measurement. The second issue regards the
transformation of the FID indication on a mass basis. Spe-
cifically, the concern is what portion of the known simulated
HC mass would have been calculated from the FID indica-
tion, if all carbon atoms detected were assigned a molar mass
of 16 kg/kmol (the molar mass of CHy).

In order to proceed, the relative FID response of each
species must be known. The relative FID response (RR) of a
species is the number of carbon atoms detected by the FID
analyzer per molecule of the species. For most of the non-
oxygenated hydrocarbons (alkanes, alkenes, alkynes etc), the
relative FID response equals the number of carbon atoms in
the species molecule. Table 5 includes the relative FID re-
sponses of the species shown in Fig. (10). These values were
taken from Refs [50] and [51], and are used herein as indi-
cated in Ref. [52].

Using the relative FID responses of each species and the
kmol of each species, an estimation of the error of the FID
analyzer in detecting the carbon atoms can be given via Eq.
(16).
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Fig. (10). In-cylinder HC species predicted by the Réhl and Peters’ (solid lines) and Marinov’s (dashed lines) mechanisms for the highest

(a), and the lowest (b) load cases.

Table 5. FID Relative Response for Selected Hydrocarbons

Species Carbon Atoms in FID Relative
Molecule Response (RR)
C,HsOH 2 1.59°
HCHO 1 0
CH,CHO 2 1(est.)
CH, 1 1°
C,H,4 2 1.99°
C,Hs 2 1.97°
HCOOH 1 0
CH3OH 1 0.52*

#from Ref. [50], ° from Ref. [51], (est.) estimation

Y i = Y, RRp Ny,
m m
RR,N
; m''m

Where Rerrgp is the relative error with respect to the FID
measurement, c,, the carbon atoms per molecule of species
m, n,, the kmoles of species m in the exhaust gases, and RR,
the relative FID response for species m. According to these
definitions, the product c,n, is the moles of carbon atoms
originating from species m. The product RR-ny, yields the
moles of carbon atoms detected by the FID. Since the carbon
atoms are directly proportional to the moles of carbon —the

ReI’I’HD =

... (16)

proportionality constant being the Avogadro Number Na-,
Eg. (16) also provides the relative error in carbon atoms de-
tection. More details on the aforementioned method can be
found in [52]. The relative error found via Eq. (16) for the
high and low load cases depicted in Fig. (10) is approxi-
mately 28% for both mechanisms. This means that if the
predicted HC emissions were introduced in the FID analyzer,
the carbon atom FID indication should be enhanced by 28%
to provide the predicted carbon atoms.

Moreover, if each carbon atom detected by the FID was
assumed to originate from CH, and assigned the molar mass
of 16 kg/kmol, then the HC mass determined from the hypo-

thetical FID measurement would be E RRy - Ny, 16 kg.
m

The ratio of this total HC mass assigned from the FID meas-
urement is approximately 55% of the total simulated HC
mass for both mechanisms, for the two extreme load cases.
This means that if the simulated HC emissions were intro-
duced in an FID analyzer and its indication transformed to
HC mass by the procedure outlined, this HC mass assigned
would be about half the HC mass introduced into the FID.
According to the aforementioned, the indication of an FID
analyzer, through which the simulated HC pass, would yield
55% of the simulated HC mass. This reduced HC mass cor-
responds to the lower limit of Fig. (9). This lower limit is
still higher than the experimental HC values, probably be-
cause of reasons explained in the beginning of this subsec-
tion.

It is evident that most of the aforementioned issues con-
cern not only HCCI engine combustion but also other types,
such as Sl engine combustion. However, they are plausible
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assumptions that cannot be derived in a theoretical analysis.
Certainly, experimental investigation is needed to establish
their validity.

4. CONCLUSIONS

The analysis results show adequate agreement with the
experimental ones. The heat release rates are somewhat
overestimated and a generally more steep pressure rise is
observed relative to the experimental cases. At low loads the
duration of combustion is underestimated, probably due to
poor combustion efficiency that induces inhomogeneties
within the combustion chamber.

There is a slight difference in the combustion phasing of
the two mechanisms for the same initial conditions. This is
the result of the slightly higher combustion rate predicted by
the Rohl and Peters” mechanism relative to Marinov’s
mechanism, despite the fact that the predicted initial heat
release is the same for the two mechanisms. However, this
does not induce significant differences in the predicted per-
formance.

The predictions of NO,, CO and HC emissions are essen-
tially the same for the two mechanisms, with the greatest
disagreement occurring between predicted CO emissions
(~9%) at the low load cases. This is probably connected with
the slightly lower combustion rate predicted by Marinov, as
already mentioned.

As regards the comparison with the experimental results,
NO, emissions trends are captured by the model while being
overestimated at high loads. This results from the overesti-
mation of the zone temperature in a portion of the hotter
zones for the higher load cases. The slight underestimation
of the work produced is also a contributing factor to this dis-
crepancy.

CO and HC emissions trends are also captured by the
model for both the oxidation mechanisms. The absolute CO
values are comparable to the measured ones, but the discrep-
ancy is larger for the HC emissions. Reasons for this dis-
crepancy could be attributed to the under-estimation of the
expansion work, and the fact that the comparison is made
between exhaust measured and in-cylinder quantities at
EVO. The latter are expected to be higher than the former
ones, due to partial expulsion of HC and subsequent oxida-
tion during the exhaust phase.

Another reason for this discrepancy could be the nature
of the unburned HC and the corresponding ability of a con-
ventional FID analyzer to detect oxygenated compounds.
Taking into account the simulated HC species concentration
and their relative FID response, it was estimated that if the
simulated HC emissions of the highest and lowest load cases
were introduced in an FID analyzer, 28% of the carbon at-
oms would have escaped without detection. Moreover, the
mass assigned based on the FID measurement would have
underestimated the total HC mass by 45%, regardless of the
oxidation mechanism used in the simulation.

The analysis of the simulated HC emissions confirmed
the dominance of oxygenated species in the HC and showed
that the two mechanisms predict essentially the same domi-
nant HC species, with the exception of formic acid
(HCOOH) and to a lesser extent methanol (CH3;OH). The
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latter two are excluded in the Réhl and Peters’ mechanism.
However, the total HC mass predicted by the two mecha-
nisms lie very close.

In conclusion, the reduced oxidation mechanism utilized
herein produces essentially identical results with the detailed
mechanism, as regards HCCI engine performance and emis-
sions. The main gain from the reduced mechanism is the
decrease of computational time, since Rohl and Peters’
mechanism requires only 50% of the computational time for
the cases examined in the present study, while still using
70% of the species and 60% of the reactions considered in
the detailed mechanism of Marinov.
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NOMENCLATURE

B = Cylinder bore (m)

c = Carbon atoms in a molecule

h = Molar specific enthalpy (J/kmol)

i = Any zone

j = Any chemical species

J = Number of chemical species

k = Thermal conductivity (W/m K)

K = Number of carbon atoms originating
from oxygenated species

L = Number of carbon atoms originating
from non-oxygenated species

m = Mass (kg)

M = Molar mass (kg/kmol)

M = Average zone molar mass (kg/kmol)

n; = kmoles of species j (kmol)

Na = Avogadro number 6.023x10% mol™

P = Pressure (N/m?)

qg = Heat flux (W/m?)

Qi = Net heat gained by zone i (J)

Ry = Universal gas constant 8314 J/kmol K

RR = Relative FID response to a compound

r = Distance (m)

S = Cylinder height (m)

T = Temperature (K)

'F = Mean gas temperature (K)

t = Thickness (m), or time (s)

u = Velocity (m/s)

U = Internal energy (J)
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V

z =

Greek symbols

o =

N R S X
|

Subscripts
act =

cyl =

meas =

min =

net =
st =

tot =

Superscripts

* —

+ =

Volume (m?)
Number of zones

Constant

von Karman constant

Fuel-air equivalence ratio (phi)
Dynamic viscosity (kg/m s°)
Density (kg/m?)

Actual

Cylinder

Detected

Exhaust

Inlet

Laminar

Any hydrocarbon species
Measured

Minimum

Normal

Net value (including all four strokes)

Stoichiometric
Turbulent
Total

Wall

Characteristic value
Dimensionless value

Dimensionless numbers

Pr =

Abbreviations

a =
b -
BDC =
CA =
Co =
CFD =
Cl =
CR =

Prandtl number

After

Before

Bottom dead center

Crank angle

Carbon monoxide
Computational fluid dynamics
Compression ignition
Compression ratio
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EGR = Exhaust gas recirculation

EVC = Exhaust valve closing

EVO = Exhaust valve opening

FID = Flame ionization detector

HC = (Unburned) hydrocarbons

HCCI = Homogeneous charge compression ig-

nition

HRR = Heat release rate (J/deg)

imep = Indicated mean effective pressure (bar)

IVC = Inlet valve closing

IVO = Inlet valve opening

NOy = Nitrogen oxides

OHC = Oxygenated (unburned) hydrocarbons

ppm = Parts per million

PRF = Primary reference fuel

Sl = Spark ignition

TDC = Top dead center
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