Thermodynamic and Chemical Effects of
EGR and Its Constituents on HCCI Autoignition

ABSTRACT

EGR can be used beneficially to control combustion
phasing in HCCI engines. To better understand the
function of EGR, this study experimentally investigates
the thermodynamic and chemical effects of real EGR,
simulated EGR, dry EGR, and individual EGR
constituents (N, CO,, and H,O) on the autoignition
processes. This was done for gasoline and various PRF
blends. The data show that addition of real EGR retards
the autoignition timing for all fuels. However, the amount
of retard is dependent on the specific fuel type. This can
be explained by identifying and quantifying the various
underlying mechanisms, which are: 1) Thermodynamic
cooling effect due to increased specific-heat capacity,
2) [O,] reduction effect, 3) Enhancement of autoignition
due to the presence of H,O, 4) Enhancement or
suppression of autoignition due to the presence of trace
species such as unburned or partially-oxidized
hydrocarbons.

The results show that the single-stage ignition fuels iso-
octane and gasoline are more sensitive to the cooling
effect of EGR, compared to the two-stage ignition fuels
PRF80 and PRF60. On the other hand, the two-stage
ignition fuels have much higher sensitivity to the
reduction of O, concentration associated with the
addition of EGR. Furthermore, H,O has a pronounced
ignition-enhancing effect for the two-stage fuels that
tends to counteract the strong cooling effect of H,O.
Finally, for the single-stage ignition fuels, gasoline and
iso-octane, partially-oxidized fuel tends to enhance the
ignition, thus counteracting the retarding effect of EGR.
On the other hand, the trace species present for
operation with the two-stage ignition fuel PRF80
increased the retarding effect of EGR.

In addition to the experiment, corresponding chemical-
kinetics modeling was performed to evaluate the
predictive capabilities of detailed iso-octane and PRF
chemical-kinetics mechanisms from Lawrence Livermore
National Laboratory (LLNL).
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INTRODUCTION

The homogeneous charge compression ignition (HCCI)
combustion process offers good fuel economy and very
low nitrogen-oxide (NO,) and particulate emissions.
Therefore, engine manufacturers are considering HCCI
combustion as one option to improve the efficiency of
the traditional spark-ignited gasoline engine, and also to
reduce NO, aftertreatment requirement for traditional
diesel engines. However, several technical difficulties
need to be resolved before HCCI can be widely
implemented in production engines. Among these,
controlling the combustion phasing and increasing the
power output while maintaining acceptable pressure-rise
rates continue to be major issues.

The ignition quality of the fuel is an important parameter
impacting the design of HCCI engines and the methods
used to control the combustion phasing and the heat-
release rate (HRR). HCCI operation has been
demonstrated for a variety of fuels, whose autoignition
qualities span a wide range [1,2,3,4]. However, recent
HCCI development efforts have tended to focus on the
use of gasoline and diesel fuels due to both their wide
availability and because they provide the potential to
revert to traditional spark-ignition (SI) or diesel
combustion for high-load operation. Despite the large
differences in the autoignition characteristics of these
two fuels, virtually all applications for both fuels use
some form of exhaust gas recirculation (EGR) to help
control the combustion phasing and/or to provide other
benefits at various parts of the operating map.

Because gasoline is a single-stage ignition fuel, the
charge must be raised to a temperature on the order of
1050 K to achieve HCCI autoignition. Furthermore, most
applications limit the compression ratio (CR) to about
12:1 to allow Sl operation at high loads. To reach the
required compressed-gas temperature with this modest
CR, substantial quantities of hot residuals from the
previous cycle are typically retained to heat the incoming
charge. However, in addition to increasing the initial



charge temperature, these retained residuals (internal
EGR) significantly alter the charge mixture composition
and thermodynamic properties. These changes will tend
to retard the combustion phasing, thus reducing the
desired ignition enhancement caused by the high
temperature of the retained residuals.

At higher loads, less internal EGR is required due to the
higher temperature of the residuals and the increased in-
cylinder surface temperatures [5]. However, these higher
fueling rates can produce combustion temperatures that
are sufficiently high to produce NO, emissions that
would be unacceptable without aftertreatment. To allow
the use of a three-way catalyst to remove this NO,, it can
be desirable to operate with a stoichiometric charge,
using high levels of EGR to dilute the charge sufficiently
to maintain acceptable heat-release rates.
Accomplishing this, while maintaining the desired
combustion phasing, typically requires that cooled
external EGR be combined with retained hot residuals
[6]. Thus, the use of substantial EGR/residuals is central
to most gasoline HCCI applications, and it is important to
understand the effects of this EGR on the combustion
phasing.

In contrast, diesel fuel autoignites quite easily under
HCCI-like conditions due to its strong low-temperature
heat release (LTHR) or “cool-flame” chemistry. This can
lead to overly advanced combustion phasing and/or
require a substantial reduction in the allowable CR [7].
Since neither of these is particularly desirable from an
engine-design standpoint, most diesel-fueled HCCI
engines use substantial quantities of EGR to reduce the
autoignition propensity of the fuel. In addition, most
diesel HCCI-like applications rely on direct-injection to
supply the fuel after compression has raised the
temperature and pressure of the charge sufficiently to
readily vaporize the low-volatility fuel. However,
supplying the fuel in this manner limits the time for
vaporization and mixing before ignition occurs.
Substantial EGR addition is typically employed to
increase the ignition delay to allow sufficient time for
fuel/charge mixing. Finally, despite this increased mixing
time, some regions can still remain sufficiently close to
stoichiometric that unacceptable NO, formation could
occur. However, the use of EGR reduces the oxygen
concentration sufficiently so that peak combustion
temperatures in these regions do not reach those
required for significant NO, formation [8]. Thus, the use
of EGR is also central to diesel HCCI combustion, and it
is important to understand its effect on combustion
phasing for these two-stage ignition fuels.

In addition to these traditional fuels, two-stage ignition
fuels that have less LTHR than diesel fuel and a higher
volatility have recently been investigated and shown to
offer four advantages for combustion-phasing control
and extending high-load HCCI operation [5,9,10]. It may
also be possible to achieve these results with other two-
stage fuels such as diesel fuel; however, the higher
volatility and lower amount of LTHR of the fuels used
facilitated mixture formation and implementation of the
control methods. A detailed discussion of these four

advantages is provided in Ref. [10]. A brief summary
follows:

1. Because the amount of LTHR produced by a two-
stage fuel increases with the local fuel/air-
equivalence ratio (¢), fuel stratification can be used
for combustion-phasing control [5,9,11]. This allows
near-instantaneous control of combustion phasing
during transients since the amount of stratification
can be varied by changes in injection timing [5].

2. This ¢-dependence of the LTHR also provides a
means for reducing the peak HRR. In Ref. [9], a
dual-injection scheme was used to create a range of
local equivalence ratios in the combustion chamber,
which resulted in a staged autoignition/combustion
event, increasing the burn duration and reducing the
peak HRR.

3. With two-stage fuels, the engine has lower cycle-to-
cycle variations when operated with extensive
combustion-phasing retard because the LTHR leads
to higher temperature-rise rates just prior to hot
ignition [12]. This could allow higher loads without
engine knock since increased combustion-phasing
retard produces significant reductions in the HRR
[13,14,15].

4. With LTHR, lower intake temperatures (T;,) are
required. This results in a greater mass inducted for
a fixed intake pressure, and can potentially enable
higher engine loads.

Although two-stage ignition fuels offer these potential
advantages, realizing them in a practical application
requires that the amount of LTHR be controlled over the
load-speed map of the engine. This is challenging
because the amount of LTHR is not only a property of
the fuel, but it is also dependent on the operating
conditions. For example, the LTHR can vary
substantially as the engine speed is varied [10,11,16].
This is demonstrated for three primary reference fuel
(PRF) blends in Fig. 1b (reproduced from [10]). PRF90,
PRF80 and PRF70 were all operated with only normal
air dilution, and the combustion phasing (CA50) was
held fixed at 372°CA by adjusting T;, as the engine
speed was changed. As Fig. 1b shows, T;, had to be
increased rapidly with increasing engine speed. As
indicated by the dashed line, above a certain engine
speed, the LTHR disappears. This happens because
LTHR is a slow combustion process and an increase of
the engine speed leads to a reduction of the time spent
in the temperature range that favors LTHR (760 -
880 K), thus reducing the amount of LTHR. To
compensate for the lower temperature rise during the
compression stroke, T, was increased. Unfortunately,
the increased T, also disfavors LTHR since it leads to
lower pressure in the 760 — 880 K range (see Figs. 4
and 5 in Ref. [10]). The compounding effect of less time
and higher T;, makes the LTHR disappear quickly. The
loss of LTHR effectively makes the fuel a single-stage
ignition fuel, with an associated loss of the benefits listed
above. Conversely, if the engine speed is reduced, the
required T;, can drop below ambient, which is clearly
impractical.
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Figure 1. Required T;, as a function of engine speed for
operation without CSP (EGR) addition for
PRF90, PRF80 and PRF70, and with CSP
addition for PRF60. Intake O, concentration
and LTHR-temperature rise (335 - 352°CA)
are plotted for the PRF60 case. C/F-mass
ratio = 39.8, corresponding to ¢ = 0.38 for
operation without CSP. Reproduced from [10].

To overcome this problem, it is necessary to manage the
amount of LTHR as the speed is varied. This has been
explored in Ref. [10], and as shown in Fig. 1, EGR
addition provides an effective method for controlling the
amount of LTHR over a wide range of engine speeds.
For the example in Fig. 1, this was accomplished by
using a fuel that was reactive enough to produce LTHR
at the highest engine speed of interest (PRF60), and
then suppressing the excessive LTHR at lower engine
speeds by applying EGR. For this study, EGR was
simulated by adding complete stoichiometric products
(CSP), i.e. N, CO, and H,O in amounts proportional to
the complete combustion of PRF60. Fig. 1a shows how
the CSP addition reduced the intake O, concentration
and that this led to a nearly constant amount of LTHR.
Accordingly, no T;, adjustment was required to maintain
a constant CA50 over the speed range. '

Since EGR is effective for managing LTHR for this two-
stage fuel blend, the potential exists to use the benefits
of LTHR for combustion-phasing and HRR control over a
wide range of engine speeds. Similarly, EGR could be
used to control LTHR variations due to changes in other

' As will be discussed later in this paper, CSP addition with a

two-stage ignition fuel affects both the LTHR reactions and the
reactions leading up to the main hot ignition. Thus, the
constant CA50 with constant Ti, demonstrated in Fig. 1 results
from a combination of a nearly constant LTHR [10] and a
suppression of the reactions leading to hot ignition.

engine parameters such as intake boost pressure.
Moreover, the use of EGR/residuals is central to virtually
all current practical gasoline- and diesel-fueled
applications of HCCI, as discussed above. This provides
a strong motivation to investigate the underlying
mechanisms that lead to the observed influences of
EGR on HCCI combustion phasing for both single- and
two-stage ignition fuels.

Finally, it should be noted that during the design process
of advanced HCCI engines, CFD modeling is often
employed to provide insights and to speed up the
development. However, the quality of the modeling
hinges on the fidelity of the chemical-kinetics models
employed. Consequently, there is also a need to
investigate the accuracy of chemical-kinetics
mechanisms for operation with EGR.

SCOPE AND OBJECTIVES

The main objective of this study is to experimentally
investigate the effect of EGR addition on the onset of
combustion, and to clarify the underlying mechanisms
for both single- and two-stage ignition fuels. The fuels
considered are gasoline, iso-octane, PRF80 and PRF60.

Following the description of the model and the
experiment, this paper covers five main areas:

1. The basic considerations regarding simulated EGR
and real EGR are laid out.

2. It is demonstrated that the retarding effect of EGR
varies with both fuel-type and type of EGR.

3. For motored operation, the thermodynamic effect of
EGR and its major constituents is quantified.

4. For fired operation, it is shown how the retarding
effect of EGR can be divided into thermodynamic
and chemical effects. It is illustrated how the relative
importance of the thermodynamic and chemical
effects changes with fuel-type. The different effects
of the trace species in real EGR are demonstrated
and discussed.

5. Finally, the thermodynamic library used for the
chemical-kinetics modeling is validated, and the
performance of the chemical-kinetics mechanisms
for iso-octane and PRF from Lawrence Livermore
National Laboratory (LLNL) is compared against
experimental data

CHEMICAL-KINETICS MODELING SETUP

The chemical-kinetic modeling approach used in this
work is similar to that used previously by the authors
[6,11,12,17]. This approach employs the Senkin
application of the CHEMKIN-III kinetics rate code [18],
which treats the in-cylinder charge as a single lumped
mass with uniform composition and thermodynamic
properties (single-zone model). The most current
reaction mechanism from LLNL was used for iso-octane
[19]. The PRF mechanism contains the same iso-octane



mechanism combined with the most recent LLNL n-
heptane mechanism [20] with updates to make it
consistent with the newer iso-octane mechanism [21].
For simplicity, heat transfer effects were not modeled.
However, to ensure the same charge-pressure history
during the compression stroke, the model was set up
with CR = 12.7, which is slightly lower than the CR = 14
used in the experiment.

The air was modeled using only N, and O, with a
molecular ratio of 3.773 to 1, where atmospheric argon
and CO; have been lumped as atmospheric N,, following
Ref. [22]. EGR was modeled using the correct
proportions of CO,, H,O, N, (CSP), and air. For this
modeling work, no attempt was made to capture the
effect of trace hydrocarbon species encountered
experimentally in real EGR. For the EGR sweeps, air
was replaced by CSP or the individual constituents,
while the fueling rate was adjusted to maintain a
constant charge/fuel mass ratio of 37.8, which
corresponds to ¢ = 0.40 for operation with air dilution
only.

EXPERIMENTAL SETUP

The engine used for this study is based on a Cummins
B-series diesel engine, which is a typical medium-duty
diesel engine with a displacement of 0.98 liters/cylinder.
The configuration of the engine and facility is nearly the
same as for previous studies [5,9-15,17]. A schematic of
the setup is shown in Fig. 2. For all operating conditions,
the engine was fueled using a fully-premixed fueling
system featuring an external electrically-heated fuel
vaporizer. In addition to the existing air nozzle, metering
nozzles for CO, and N, were installed. To supply H,O to

TABLE 1. Engine Specifications

Displacement (single-cylinder) .........ccccovevieenieennenne 0.981 liters
BOre oo 102 mm
SHIOKE. ..o 120 mm
Connecting Rod Length ..o 192 mm
Nominal Geometric Compression Ratio............ccccceevvveeene 14:1
NO. Of ValIVES......cooeeeieeeeee, 4
IVO et 717°CA*
IV C e 205°CA*
EVO e 480°CA*
EVC .. e 8°CA*
Intake Air Swirl Ratio, Both Ports Combined......................... 0.9
* 0°CA is taken to be TDC intake, so TDC combustion is
360°CA.

the intake charge, a metering pump was used to draw
water from a bottle placed on a digital scale and feed it
into the fuel vaporizer. A CR = 14 piston was installed for
these tests, and the resulting combustion-chamber
geometry at TDC is also pictured in Fig. 2. This custom-
design piston provides a small topland-ring crevice,
amounting to only 2.1% of the top-dead-center (TDC)
volume, including the volume behind the top piston ring.
An air heater mounted close to the engine was used to
precisely control the intake temperature. Engine
specifications are listed in Table 1. A detailed description
of the engine modifications for HCCI operation can be
found in Ref. [17].

Cylinder pressure measurements were made with a
transducer (AVL QC33C) mounted in the cylinder head
approximately 42 mm off center. The pressure
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TABLE 2. Fuel Properties

Fuel Iso- PRF80 |PRF60 |Gasoline
Octane
Iso-Octane %ovol. 100 80 60 Unknown
n-Heptane %vol. 0 20 40 Unknown
Saturates %ovol. 100 100 100 73.4
Olefins %ovol. 0 0 0 4.1
Aromatics %ovol. 0 0 0 225
RON 100 80 60 90.8
MON 100 80 60 83.4
Antiknock Index (R+M)/2 100 80 60 87.1
C-atoms 8 7.78 7.57 6.83
H-atoms 18 17.56 17.14 13.08
Molecular weight 114.23 | 111.15 | 108.21 95.2
A/F Stoichiometric 15.13 15.14 15.15 14.66
gLrZ;VZZ ff:%fl ;%fkfg U aaes | w7l | 4476 | 4352
Lower heating value for
stoichiometric charge 2.769 2.770 2.772 2.779
[MJ/kg]

Gasoline data provided by Chevron Phillips Chemical Co.

transducer signals were digitized and recorded at 1%4°CA
increments for 100 consecutive cycles. The 10% burn
point (CA10) was first computed for each individual cycle
(without heat-transfer correction), and then averaged.
However, it should be noted that for operation with the
presence of LTHR, the low-temperature heat release is
excluded when the cumulative heat release is computed.
Effectively, the reported combustion phasings refer to
CA10 for the main combustion event, starting at the
crank angle of minimum heat-release rate between the
low- and high- temperature combustion events.
Presenting the data referring to the main combustion
event alone is considered more relevant from the
standpoint of quantifying the onset of the main
combustion event. It also eliminates the need to correct
for heat transfer during the weak low-temperature
combustion phase which extends for many crank angles.
This makes the data acquisition faster and more
consistent between engine operators.

The temperatures during the compression stroke, as
reported here, are computed using the ideal-gas law in
combination with the measured pressure (ensemble-
averaged over 100 cycles), the known cylinder volume,
and the trapped mass. The average molecular weight
used for the calculation corresponds to that of the fresh
gases inducted, including EGR or individual EGR
constituents, and the fuel.

The fuels used were gasoline and blends of the primary
reference fuels (PRF), iso-octane and n-heptane. The
PRF blends allow selection of autoignition reactivity by

varying the blending proportions. They are also fairly
volatile, and this facilitates the charge preparation.
Table 2 shows the fuel compositions and other relevant
parameters.

Because HCCI combustion is very sensitive to
temperature, the engine coolant and oil were both fully
preheated to 100°C before starting the experiments. At
each operating point, the engine was allowed to run for
several minutes until all measured parameters were
stable, at which point the data were acquired. For all
data presented, 0° crank angle (CA) is defined as TDC
intake (so TDC compression is at 360°). This eliminates
the need to use negative crank angles or combined
bTDC, aTDC notation.

BASIC EGR CONSIDERATIONS

In an engine operating lean with complete combustion,
EGR consists of air and complete stoichiometric
products (CSP). Typically there are combustion
inefficiencies, and this generates trace species like
carbon monoxide (CO), hydrocarbons (HC) and partially-
oxidized hydrocarbons that can influence the
autoignition. To separate the various effects of real EGR,
this study also uses simulated EGR and its individual
constituents. The simulated EGR consists of a mixture of
air with the three main components of complete
stoichiometric products (CSP), namely CO,, H,O and N,.
However, the relative proportions of these components
vary with fuel-type and can be computed based on the
average number of C and H atoms listed in Table 2. For
iso-octane, complete stoichiometric combustion can be
written as:

CSH18 +12.5 (02 +3.773 N2) =8 COQ +9 Hgo +47.16 N2

where atmospheric argon and CO, have been lumped
into the atmospheric N,, following Ref. [22]. For
complete combustion with ¢ = 1, the gas composition
(excluding fuel) changes from: 20.95% O, and 79.05%
N, for intake air, to products with 12.47% CO,, 14.03%
H,O and 73.50% N, for wet exhaust. This exhaust
composition will be referred to as CSP. As Table 3
shows, the CSP composition varies little with changes in
PRF number. However, gasoline has significantly higher
CO, mole fraction, i.e. [CO,], and lower [H,O] due to its
lower H/C ratio. Table 3 also shows the composition of

TABLE 3. Composition of CSP and dry CSP for all four
fuels (% mole fraction). Average molecular weight (M) and
H/C ratio are also given.

Fuel: | Iso-Octane PRF80 PRF60 Gasoline
Dry Dry Dry Dry
Gas: CSP CSP CSP CSP CSP CSP CSP CSP

CO, | 1247 | 1450 [12.45| 14.49 | 12.44 | 14.47 (13.27| 15.20

H,0 | 1403 | 0.00 |14.05| 0.00 | 14.08 | 0.00 |12.71| 0.00

N, | 73.50 | 85.50 |73.49| 85.51 | 73.48 | 85.53 |74.03| 84.80

M 28.71 | 30.46 |28.71( 30.46 | 28.70 | 30.45 |28.97| 30.57

H/C 2.25 2.26 2.26 1.92
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dry CSP, which represents the extreme case of
complete water condensation before the exhaust gases
are introduced into the intake system. As can be seen,
dry CSP has significantly higher mole fractions of both
CO; and N..

To simulate various amounts of EGR, air and CSP (CO,,
H.0, N,) were metered into the intake system to form a
homogeneous mixture. Figure 3 demonstrates how the
intake gas composition changes with CSP mole fraction.
The mole fractions of CO, and H,O ([CO,] and [H,0])
both increase linearly with increasing fraction of CSP,
while [O,] decreases linearly. As will be shown in the
results section, O, concentration directly influences the
autoignition reactions, regardless of the type of diluent.
Therefore, all data will be plotted against [O,] instead of
CSP mole fraction. For all these graphs, the given [O;]
can be converted to the approximate CSP mole fraction
by using Fig. 3. Also, as annotated in the graph, a
reduction of [O,] by one percentage unit corresponds to
4.77% increase of the CSP mole fraction. The same
relationship holds for any diluent that does not contain
O..

Since practical engines will incorporate real EGR, it is
useful to also examine the relationship between the real
EGR recirculation rate and the resulting intake CSP
fraction. This is shown in Fig. 4 for the charge®/fuel-mass
ratio (C/F) of 37.8 used in this study®. As can be seen,
the real EGR fraction is higher than the CSP fraction,
except for stoichiometric combustion. This happens
because the exhaust from lean operation also contains
“unused” air, in addition to combustion products.

It should be noted that the relationship between the
intake CSP fraction and the real EGR recirculation rate
varies with the actual fueling rate, so Fig. 3 cannot be
used for C/F values other than 37.8. However, all data in
this study (except for Figs. 1 & 22) were acquired with a
C/F-mass ratio of 37.8, which corresponds to ¢ = 0.40
for operation without EGR. Finally, it can be noted from
Table 3 that the average molecular weight of CSP is
similar to that of air, 28.96 g/mol. Because of this, the
CSP mass fraction is similar to the CSP mole fraction.
Consequently, stoichiometric operation with a C/F-mass
ratio of 37.8 requires that both the mole and mass
fraction of exhaust present in the intake be close to 60%.

EXPERIMENTAL RESULTS

The engine speed was kept at 1200 rpm throughout the
study. For all data with CSP, CO,, H,O or N, addition,
the intake pressure (P;,) was maintained at 100 kPa,
simulating naturally aspirated operation. For operation
with real EGR, P, = 98 — 99 kPa, depending on the
actual atmospheric pressure during the experiment. This
happens because with the EGR passage open, the
pressure in the intake system is dictated by the exhaust
back pressure. The amount of real EGR is adjusted by
changing the metered flow of air. With a reduction of air
flow, more exhaust is inducted via the EGR passage.

AUTOIGNITION-REACTIVITY CONSIDERATIONS

As outlined above, this study investigates the effect of
EGR addition on the combustion phasing of four fuels.
For each fuel, a baseline operating point was first
established. This section explains how this was done.

Plotted in Fig. 5b is the T, required to position the 50%
burn point (CA50) at 368°CA as a function of the PRF
number (anti-knock index for gasoline). As can be seen,
iso-octane (PRF100) and gasoline both require relatively
high T;,. This happens because these two fuels both
exhibit single-stage ignition at these operating
conditions®. On the other hand, PRF80 and PRF60
exhibit two-stage ignition with LTHR for these operating
conditions. As Fig. 6b shows, the LTHR accelerates the
temperature rise towards the end of the compression

% The charge mass is the sum of the supplied air and CSP
constituents, excluding the fuel.

® The C/F-mass ratio was somewhat higher (39.8) for Fig. 1
and slightly lower (36.9) for Fig. 22.

* As shown in Refs. [2] and [23], both iso-octane and gasoline
can exhibit two-stage ignition with LTHR under conditions of
elevated intake pressure.
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fuel’s baseline operating point.

stroke. Therefore, T;, has to be reduced to achieve the
same CA50. In the case of PRF80, Fig. 5 shows that it is
sufficient to drop T;, to 72°C. However, PRF60 is so
reactive that without EGR it would have been necessary
to drop T;, well below ambient to maintain a constant
CA50, which is not practical. Instead, =29% of the air
was replaced with CSP while T;,, was set to 60°C to
avoid condensation of water in the intake system. As
evident in Fig. 6, this CSP addition makes both the
temperature and pressure rise associated with LTHR
comparable for the two PRF blends. Furthermore,
Fig. 5a shows how the IMEP, varies between these
fuels. PRF60 exhibits the highest power output and iso-

octane the lowest. This happens because P;, was
maintained at 100 kPa while the C/F-mass ratio = 37.8.
Since higher T;, lowers the charge density, less fuel will
be inducted, as mentioned in the introduction (bullet #4).

AUTOIGNITION RETARD WITH EGR

The main purpose of this study is to explain the
underlying mechanisms responsible for the combustion-
phasing retard that is observed for EGR addition under
conditions of constant T;,. To start out, this section
illustrates the retarding effect of EGR. For the data sets
presented below, EGR was added progressively until the
combustion became unstable. As a result, the most
retarded point for each data set typically has a standard
deviation of CA10 on the order of 1.2°CA for the single-
stage ignition fuels, and 0.7°CA for the two-stage ignition
fuels. This can be compared with the more stable
baseline points with CA10 variations on the order of
0.45°CA and 0.25°CA, respectively.

Figure 7 shows how the start of combustion measured
here as CA10 becomes retarded by addition of CSP.
CA10 is chosen since the purpose of this study is to
study the effect of EGR on the autoignition timing. (CA50
would be a better measure of engine performance.
However, CA50 is dependent on both the autoignition
timing and the burn duration. The Ilatter can be
influenced by both EGR and combustion phasing, so
choosing CA50 would make the trends more
complicated to explain.) For reference, a reduction of the
intake [O,] by one percentage unit corresponds to
increasing the CSP mole fraction by 4.77 percentage
units, as discussed in conjunction with Fig. 3. The
retarding effect of CSP is strong for all fuels investigated,
as Fig. 7 shows. However, it is difficult to compare
PRF60 with the other fuels since its baseline point was
established with 29% CSP, as explained above. To
facilitate such comparison, the data are replotted on an
expanded scale in Fig. 8, but now with the PRF60 data
set shifted 6.1% [O,] to the left’. As can be seen, the
effect of CSP is strong for all fuels, but there are also
significant differences. The strongest effect is seen for
pure iso-octane, while the fuel with the lowest sensitivity
to CSP addition is gasoline. This is an interesting finding,
especially since iso-octane is often used as a single-
component surrogate for gasoline. Furthermore, Fig. 8
shows that PRF80 and PRF60 fall in between iso-octane
and gasoline. It is also noteworthy that PRF60’s
sensitivity to CSP addition is similar to PRF80’s, despite
the fact that PRF60’s baseline point was established
with 29% CSP. This indicates that the effect of CSP
addition is not saturated at PRF60’s baseline point.
Because PRF60’s behavior is very similar to that of
PRF80, PRF60 will not be presented in all graphs below.

5 To facilitate comparison, the data sets in Fig. 8 have also
been adjusted slightly (=0.8°CA) vertically to make the baseline
[O2] = 20.95% points coincide for the different fuels. This was
necessary because the baseline CA50 was set to 368°CA and
CA10 varies slightly between the fuels due to variations in the
burn duration. This adjustment was also done for subsequent
figures where different fuels are compared.
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In practical applications of EGR, the recirculated gases
contain species like unburned fuel, partially oxidized fuel
and CO, in addition to the major species CO,, H,O, Ny,
and O.. These trace species can have significant effects
on the autoignition processes. This is illustrated in Fig. 9,
which shows the retarding effect of real EGR.
Comparing Figs. 8 and 9, it can be seen that the use of
real EGR changes the relative sensitivities of the fuels.
For example, PRF80 is more sensitive to real EGR than
iso-octane, whereas the opposite was observed for CSP.
This will be examined in greater detail later in the paper.

Finally, in practical EGR systems, the water content in
the exhaust may condense onto cold surfaces,
especially during cold weather and/or cold starting. Such
condensation will change the composition of the EGR
gases and potentially also its influence on the
combustion phasing. The effect is illustrated for iso-
octane and PRF80 in Fig. 10. Loss of water makes CSP
less effective for iso-octane, whereas the opposite is
observed for PRF80.

Taken together, the results presented in Figs. 8 — 10
provide motivation to clarify the underlying mechanisms
responsible for the combustion-phasing retard observed
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Figure 10 Effect of CSP and dry CSP addition on
CA10. Iso-octane and PRF80.

for the different fuels. As these results suggest, there are
both thermodynamic and chemical effects responsible
for the observed combustion-phasing retard.

THERMODYNAMIC EFFECT OF EGR

To serve as a fundament for the following sections,
motored data are presented here to clearly show the
thermodynamic effect of EGR. Motored operation has
the advantage of no heat-releasing reactions, and
therefore  nearly constant wall and residual
temperatures. This allows the effects of CSP and its
constituents on the compressed-gas temperature to be
evaluated. The engine was operated with T;, = 100°C,
which equals the coolant temperature. This minimizes
heat transfer during the induction stroke. While
maintaining P, = 100 kPa, air was progressively
replaced with increasing amounts of CSP or its individual
constituents. The resulting changes of the compressed
gas temperature are shown in Fig. 11.

The mass-averaged compression temperature at
350°CA (Tas) is 888 K for operation with air dilution only,
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i.e. with [O,] = 20.95%. As Fig. 11 shows, replacing air
with EGR or its constituents always leads to a change in
the compressed-gas temperature. For example,
replacing 40% of the air with CSP reduces [O;] to 12.6%
and lowers T35 to 860 K. The strongest cooling effect is
found for CO,, and it takes only 14% CO, (making [O;]
drop to 18.0%) to make T350 drop to 830 K. The cooling
effect of H,O falls in between CO, and CSP.
Furthermore, when the water is removed from CSP to
produce dry CSP, the cooling effect is reduced. It is
noteworthy that addition of N, has the opposite effect
and actually increases the compressed-gas temperature
slightly.

The trends in Fig. 11 can be explained by considering
the changes of the mole-specific heat capacity (C,) that
occur with addition of these gases. Figure 12 shows C,
as a function of temperature for all the gases presented
in Fig. 11. CO, stands out with a C, that is roughly 80%
higher than that of air, and this explains the strong

cooling effect of CO,, as shown in Fig. 11. For a higher
C,, more energy (compression work) is required to raise
the charge temperature a certain amount. In addition,
because of lower compression pressures caused by
lower gas temperatures, the total piston-compression
work tends to decrease slightly when C, increases. The
net result of the higher C, and the slightly lower
compression work is a significant reduction of the
compressed-gas temperature. The high C, of CO, can
be explained partly by the fact that CO, is a tri-atomic
molecule with more vibrational and rotational modes
compared to the di-atomic N,, which is the major
constituent in air. H,O is also a tri-atomic molecule with
C, higher than air. However, its C, is not as high as that
of CO,. Comparing Figs. 11 and 12, it can be seen that
changes of C, fully explain the trends of compression
temperature. Specifically, it can be noted that N, has
slightly lower C, than air, which explains the somewhat
increased compression temperatures shown in Fig. 11.
Furthermore, dry CSP has a lower C, than CSP because
the H,O was removed. This explains the higher
compressed-gas temperature for dry CSP.

COMBUSTION RETARD FOR ISO-OCTANE

To fully understand the differences between the fuels as
demonstrated in Figs. 8 — 10, the following sections will
examine the underlying mechanisms for each fuel
separately. This particular section presents detailed
results for iso-octane, which has single-stage
autoignition for the operating conditions studied here.

The effects of addition of CSP, dry CSP and individual
constituents are plotted in Figs. 13a and 13b, which only
differ by the scaling of the x-axis. First, it can be
observed that addition of N, leads to a retard of CA10.
This happens despite the fact that N, addition tends to
increase the compressed-gas temperature slightly, as
was discussed with respect to Fig. 11. The only plausible
explanation is that the autoignition reactions are
sensitive to [O,], despite the abundance of O, for these
lean operating conditions. This finding is in agreement
with rapid-compression experiments by He et al. [25].
This [O,] effect is expected to be present for all gases,
but since N, is the only gas that does not reduce the
compressed-gas temperature, only N, can be used to
separately quantify the [O,] effect’. However, it is
assumed that the [O,] reduction effect influences all gas
mixtures equally. Consequently, for all other gases, the
observed CA10 retard results from a combination of
thermodynamic cooling and the [O,] effect. Comparing
the slopes of the curves, it can be concluded that within
the range of air displacement plotted in Fig. 13b, the [O]

® Motored data in Fig. 11 show that N, addition actually
increases the compressed-gas temperature slightly. However,
for fired operation the combustion-phasing retard that occurs
with N2 addition also lowers the wall temperature. Analysis of
the data shows that this wall cooling almost perfectly
counteracts the effect of slightly lower C, for N». Consequently,
N2 addition does not change the compressed-gas temperature
significantly and can be regarded as a way to isolate the [O-]
effect on autoignition.
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effect is relatively weak compared to the thermodynamic
cooling. Furthermore, the order of the data sets follows
well what could be expected from the thermal effect
shown in Fig. 11. This indicates that for iso-octane, no
other factors than [O,] and thermodynamic cooling need
to be considered to explain the position and relative
order of the plotted data sets.

For better understanding, Fig. 14 demonstrates how the
[O,] effect and the thermodynamic-cooling effect lead to
different charge-temperature histories for the same
amount of autoignition timing retard. The temperature
trace with the most advanced hot ignition is the baseline
point with air dilution only. The other two temperature
traces represent two different ways the autoignition can
be retarded. When 1.3% of the air is replaced with CO,,
[O,] drops only slightly to 20.7% while CA10 retards
significantly from 365.7°CA to 370.4°CA. This retard is
caused primarily by the lower compressed-gas
temperature, as Fig. 14 shows. This thermal retard is
analogous to lowering Ti,. On the other extreme,
replacing 19% of the air with N, leads to the same retard
of CA10 without a significant change of the compressed-
gas temperature in the 350 - 355°CA range. The heat-
release commences at 355°CA for the baseline case,
but the onset is retarded to beyond 360°CA for the N,
case due to the lower [O,]. This exemplifies autoignition
retard due to chemical effects.
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Figure 14. lllustrating the influence of the [O,] effect
and the thermodynamic cooling effect on
the temperature for hot ignition. [O,] =
17.0% for the N, case, and [O,] = 20.7%
for the CO, case.

COMBUSTION RETARD FOR PRF80

Figure 15 shows the effects of addition of CSP, dry CSP
and the individual CSP constituents for PRF80. First, it
can be observed that N, has a substantially stronger
effect for PRF80 than it had for iso-octane. The
sensitivity of CA10 to N, addition is almost as strong as
it is to CSP. This shows that the [O,] effect is much more
pronounced for PRF80. Analysis of the data indicates
that the higher [O,] sensitivity is associated with the
presence of LTHR for PRF80. The explanation has two
parts:

First, as Fig. 16 exemplifies, PRF80 has LTHR in the
337 — 350°CA range. This LTHR accelerates the
temperature rise and makes PRF80 undergo hot ignition
at about the same crank angle as iso-octane and
gasoline, despite a much lower T;,, as discussed in
conjunction with Fig. 6. If the HRR during the LTHR
phase decreases with lower [O,], this would lead to
lower compressed-gas temperatures and delayed hot
ignition. In fact, the data show that this is the case.
Figure 15a plots the temperature rise during the period
of LTHR for various amounts of N, addition. It is clear
that the total amount of LTHR is significantly reduced by
the lower [O,]. In fact, the percentage reduction of the
LTHR is actually greater than Fig. 15a suggests since
the piston compression accounts for a temperature rise
of roughly 105 K in the 335 — 352°CA period.

The second part of the explanation relates to the indirect
influence of LTHR on the hot ignition. The data also
show that the transition into hot ignition is suppressed by
the lower [O,]. Figure 17 illustrates this for PRF80. The
two cases plotted are chosen to have the same post-
LTHR temperature, which is 920K at 355°CA. Despite
the higher C, for CO,, this case has a more rapid
temperature rise, which leads to an earlier onset of the
main combustion’. The N, case suffers from the fact that

"It can be noted that CO; is effectively an inert species at the
temperature levels prevailing during the autoignition processes
[25,26].
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data point with [O,] = 19.6% in Fig. 15.

its [O2] is 1.4% lower than the CO, case (see legend of
Fig. 17), so the hot ignition occurs late. This effect of [O,]
on the hot ignition process is similar to that of iso-octane,
as demonstrated in Fig. 14. However, the hot ignition
has more than double the sensitivity to [O,] for PRF80
compared to iso-octane. The shift of hot ignition due to
changes of [O] is similar for Figs. 14 and 17 while the
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Figure 18. The effect of H,O on the temperature for hot
ignition. [O;] = 19.7% for both PRF80
temperature traces. [O.] = 20.7% for the CO,
case with iso-octane, and [O,] = 20.1% for the
H,O case.

change of [O,] is 3.7% for the iso-octane case but only
1.4% for the PRF80 case. This higher [O,] sensitivity of
the hot ignition is attributed to the presence of LTHR,
which is known to significantly change the chemistry
leading up to hot ignition [19,20].

The strong [O,] effect should be present for all gases.
Therefore, the thermodynamic cooling caused by gas
components with C, higher than air would be expected
to cause additional autoignition retard. Contrary to this
expectation, Fig. 15b shows that H,O addition causes
exactly the same retard as N,. Without further analysis
of the data, this would be confusing. However, by
studying the temperature traces, a second chemical
effect was identified. This is illustrated in Fig. 18, which
shows two PRF80 cases, one with 6% N, and the other
with 6% H,O. Since [O,] = 19.7% for both cases, the
retarding effect of lower [O,] is expected to be the same.
However, the higher C, of H,O leads to reduced
compressed-gas temperatures near TDC, as expected.
Despite this, the hot ignition occurs at the same crank
angle, in agreement with Fig. 15b. This shows that H,O



enhances the early reactions leading to the main hot
ignition in such a way that the temperature required for
thermal run-away is reduced by the same amount as the
cooling effect of H,0.

Now that the enhancing effect of H,O has been
identified, it is possible to explain the order of the PRF80
curves in Fig. 15b. For example, dry CSP has a slightly
more retarding effect than CSP despite its lower C,. This
is the opposite behavior of iso-octane, and can be
explained by the enhancing effect of H,O present in CSP
that occurs for PRF80 but not for iso-octane. CO, still
has the strongest retarding effect due to its high C,.

While Figs. 15b and 18 together show the enhancing
effect of H,O for PRF80, no such effect was needed to
explain the behavior of iso-octane (Fig. 13). Indeed,
analysis of temperature traces shows that the enhancing
effect of H,O is much smaller for iso-octane. This is
illustrated in Fig. 18. The two iso-octane traces have
similar [O,] and the resulting combustion-phasing retard
is primarily caused by the thermodynamic cooling of CO,
and H,O, respectively. As can be seen, the temperature
for which thermal run-away occurs is only a line width
lower for the H,O case. This indicates a very weak
enhancing effect of H,O for iso-octane.

COMBUSTION RETARD FOR GASOLINE

Figure 19 shows the effects of addition of CSP, dry CSP
and individual constituents for gasoline. Compared to the
other single-stage ignition fuel, iso-octane (Fig. 13),
gasoline is only about half as sensitive to reductions in
[O,] within the range plotted, as indicated by the nearly-
horizontal N, curve. Another difference is the close
spacing and order of the trends with CSP, dry CSP, and
H.O. As can be seen, dry CSP has a slightly stronger
retarding effect than CSP. This is analogous to that of
PRF80, as plotted in Fig. 15b. This indicates that H,O
has an enhancing effect on the hot ignition for gasoline
as well. Indeed, examination of the temperature traces
shows that this is the case. However, as illustrated in
Fig. 20, the effect is much weaker than for PRF80.
(Compare to Fig. 18.) Simply looking at the relative
steepness of the curves in Fig. 19, it may seem strange
that dry CSP has a slightly stronger retarding effect than
CSP, given that the H,O line is steeper than dry CSP
(compare to Fig. 15). This could be explained by arguing
that the enhancing effect of H,O addition is non-linear.
For example, going from dry CSP to CSP leads to a
slight increase of both [HO] and C,. At this low
concentration the chemical enhancement of the
autoignition due to the H,O is greater than the
thermodynamic cooling effect, causing CA10 to be
slightly less retarded. However, going from CSP to H,O
leads to a substantially larger increase of both [H,O] and
C,. Since CA10 now becomes significantly more
retarded, this suggests that the enhancing effect of H,O
begins to saturate so that it no longer fully compensates
for the lower compressed-gas temperature resulting from
the increased C,.
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COMPARING THERMAL AND [O,] SENSITIVITIES

Up until this point three mechanisms responsible for the
changes in autoignition timing have been identified and
discussed. These are:

1. C, effect (thermodynamic — retarding).
2. Oo-concentration effect (chemical — retarding).

3. H,0 effect (chemical — enhancing).

The H,O effect has already been compared directly for
iso-octane, PRF80 and gasoline, so no more analysis of
the H,O effect will be presented.

Thermodynamic C, effect - To fully understand why the
fuels respond differently to CSP addition (Fig. 8) it is
beneficial to compare the fuels in terms of their
sensitivity to the thermodynamic cooling of EGR. To
minimize the retarding effect of [O,], it is best to compare
the response for CO,, which is the gas that gives the
least reduction of [O,] for a given amount of cooling. This
comparison is shown in Fig. 21. As can be seen,
gasoline and iso-octane show significantly higher
sensitivity to the reduced compressed-gas temperature
than PRF80 and PRF60 do. The reason for the
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difference can be attributed to the presence of LTHR for
PRF80 and PRF60, and the explanation has two
components: 1) Lower compressed-gas temperature
leads to more LTHR. As explained in Ref. [12], this
happens because a reduction of the gas temperature
leads to a delayed onset of LTHR, at which point the in-
cylinder pressure is higher. 2) The presence of LTHR
leads to a higher temperature-rise rate prior to hot
ignition. This can be seen by comparing the curves for
PRF80 against those of iso-octane in the 350 — 365°CA
range in Fig. 18. Because of the higher temperature-rise
rate for PRF80, a larger change of the gas temperature
is required to shift the crank angle where the
temperature exceeds the temperature for hot ignition.
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This is discussed in more depth in Ref. [12]. Thus, for a
given change in compressed-gas temperature, the two-
stage ignition fuels will experience less shift in CA10.
This explains why the two-stage ignition fuels are less
sensitive to the thermodynamic cooling effect. Finally, it
is noteworthy that a similarly low sensitivity of
autoignition timing to CO, addition for a two-stage
ignition fuel was observed by Shudo et al. [26], who
operated their HCCI engine on a blend of dimethylether
(DME) and hydrogen.

The lower thermal sensitivity of the two-stage ignition
fuels also has implications for the combustion-phasing
control of the engine. Figure 22b shows how T, has to
be adjusted to achieve a certain CA10 for both iso-
octane and PRF80. In agreement with the arguments
above, it can be observed that significantly larger
changes of T;, are required to achieve a certain shift of
CA10 for PRF80. Figure 22a shows how the amount of
LTHR increases with a reduction of T, thus
counteracting the effect of lower T;, on CA10.

[O,] reduction effect - Figure 23 compares the
sensitivities of the four fuels to the predominantly
oxygen-reducing effect of N, addition. The two-stage
ignition fuels, PRF60 and PRF80, stand out with
significantly higher sensitivity to the reduction of [O,]. As
discussed in conjunction with Figs. 15a and 17, this
happens due to a combination of a reduction of LTHR
and a suppression of the reactions leading to hot
ignition. Gasoline represents the other end of the
spectrum and shows very low sensitivity to moderate
reductions of [O,]. From the result presented in Fig. 23 it
may tempting to suggest that all two-stage ignition fuels
are sensitive to [O,]. This could be true for traditional
fuels, however, a recent study by Shudo et al. [26]
shows that the LTHR of DME is insensitive to changes of
the O, concentration in the 20.95 — 18.6% range. On the
other hand, this insensitivity could possibly be explained
by DME’s very different molecular structure, which likely
makes its low-temperature chemistry different from that
of the longer-chain n-heptane.
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Figure 23. Comparing the retard of hot ignition due to
the predominantly oxygen-reducing effect of

N,. The PRF60 data set shifted 6.1% to
facilitate direct comparison of the fuels.




EXPLAINING CSP TRENDS

After the various mechanisms associated with the
components of CSP have been identified, it is possible
to explain the trends with CSP addition. Overall, the
differences between the fuels, as plotted in Fig. 8, is
smaller than the responses to the individual
components. Both the single-stage and two-stage
ignition fuels are affected by the three underlying
mechanisms. While the single-stage fuels are more
sensitive to the thermodynamic cooling effect of CSP,
the two-stage ignition fuels are more sensitive to the [O,]
reduction effect. H,O enhances the hot ignition
substantially for the two-stage fuels, while this effect is
less pronounced for both gasoline and iso-octane. The
combined effect of these underlying mechanisms
produces a similar response to CSP addition for the
different fuels. Gasoline stands out somewhat with a
lower sensitivity, which can be explained by its
exceptionally low [O,] sensitivity combined with a
modest H,O enhancing effect.

COMBUSTION RETARD WITH REAL EGR

Figure 24 compares the retarding effect of CSP with that
of real EGR for iso-octane, gasoline, and PRF80. For the
single-stage ignition fuels, real EGR clearly has a
weaker retarding effect compared to CSP. However, for
the two-stage ignition fuel PRF80, real EGR has a
stronger retarding effect, at least beyond a certain
degree of [O,] reduction by EGR addition. The difference
between CSP and real EGR is the presence of trace
species that stem from incomplete combustion. At these
high loads, the trace species originate primarily from the
piston-ring crevice, which is a source of unburned fuel,
and the thermal boundary layer which produces partially
oxidized fuel and CO [27]. With increasing EGR rate, the
concentrations of these species in the intake system go
up rapidly, as shown in Fig. 25. This happens partly
because a larger fraction of the incoming gases are
EGR, but also because the retarded combustion phasing
leads to less complete combustion.

Full analysis of the chemical effects of all the different
species present in the exhaust gas is beyond the scope
of this study. However, the net result on the ignition is
clear from Fig. 24. The single-stage fuels iso-octane and
gasoline see an enhancement of the autoignition from
these species. This may not be too surprising since both
iso-octane and gasoline have high resistance to
autoignition, and it appears plausible that addition of a
whole range of different hydrocarbons opens up new
pathways for autoignition to occur. On the other hand,
PRF80 is already fairly reactive due to the straight-chain
molecule n-heptane, and it could be that most molecules
generated by incomplete combustion are somewhat less
reactive than n-heptane. It should be noted that the
combined residence time in the exhaust and intake
systems is on the order of 20 seconds, so any “active
radicals” are not expected to be present in the inducted
gases. The results presented in Fig. 24 are consistent
with findings regarding the influence of trapped residual
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Figure 24. Comparison of simulated EGR (CSP) against
real EGR.

gases on the autoignition of the following cycle, as
reported in a recent study by the authors [12]. In that
study, it was found that partial-burn products recycled
from one cycle to the next enhance the autoignition for
iso-octane, but suppress autoignition for PRF80.
Formaldehyde was the only species identified to
enhance autoignition for iso-octane but to suppress
autoignition for PRF80. Formaldehyde has been found in
significant quantities in HCCI exhaust [28]. It is also
worth noting that LTHR has been found to produce
substantial amounts of formaldehyde for PRF-fuels [29].

As Fig. 25 shows, CO is a fairly prevalent species.
Dubreuil et al. [30] operated an HCCI engine with a
80/20 n-heptane/toluene blend that produced LTHR.
They added up to 2000 ppm CO in the intake, but no
significant effect on the autoignition could be observed.
Based on this, CO would be expected to have
insignificant effect on the autoignition timing. On the
other hand, our chemical-kinetics modeling suggests
that CO can have a substantial enhancing effect for
PRF80. In contrast, the model showed no enhancing
effect of CO for iso-octane. To clarify the role of CO,
further studied are required.

Another trace species that is important to consider is
NO, which has been shown to enhance the autoignition
timing when added to the intake in low concentrations
[30,31]. For the data in the current study, the gasoline
case had up to 0.4 ppm NO in the intake, so this could
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Figure 25. Intake HC and CO as a function of intake
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contribute to the enhancing effect of the trace species,
as shown in Fig. 24. However, the NO concentration in
the intake was less than 0.1 ppm for the iso-octane and
PRF80 cases, so the enhancing effect of NO was
probably very small for these fuels.

MODELING RESULTS
DATA INTERPRETATION

As explained in the section describing the modeling
setup, a single-zone Senkin model was used to
conveniently evaluate the performance of the detailed
iso-octane and PRF mechanisms from LLNL. The goal is
to compare the predicted changes in ignition timing as a
result of EGR addition with those observed
experimentally. Since the model is adiabatic, it can be
thought of as representing the close-to-adiabatic core in
the experiment. This hottest in-cylinder zone is where
the combustion commences before it spreads to
progressively colder zones. Multi-zone modeling shows
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that for this C/F-mass ratio, the spread of the
combustion occurs mainly by means of the combustion-
induced pressure rise that compresses and heats not-
yet-ignited zones. Furthermore, for this C/F-mass ratio,
the local kinetics-controlled combustion rate is not the
rate-limiting step for the overall combustion rate. As
explained in Ref. [14], the thermal width of the charge in
combination with the piston-expansion rate determines
the combustion rate. Figure 26 shows an example of the
cumulative mass probability of the in-cylinder
temperature distribution, as reproduced from KIVA
results of motored operation [15]. The combustion
progresses from hotter to colder zones as noted in the
graph. As also indicated in the graph, the hottest 20% of
the compressed gas has a fairly uniform temperature
(narrow horizontal width). The 50% burn point of this
hottest zone corresponds roughly to CA10 of the overall
combustion event. CA10 is also the burn point plotted in
all experimental graphs in the previous sections. If the
single-zone model is meant to reproduce this close-to-
adiabatic core, it is sensible to compare the experimental
CA10 against the 50% burn point for the model. This is
the approach used below.

VALIDATION OF THERMODYNAMIC LIBRARY

Since EGR has significantly different thermodynamic
properties from air, the ability of the model to correctly
predict autoignition requires that the thermodynamic
properties of all the gases be implemented correctly. To
verify this, the model was configured to reproduce the
experimental motored data shown in Fig. 11. To achieve
the same compressed-gas pressure for the adiabatic
model it was given a reduced CR of 12.7. To make the
baseline [O,] = 20.95% point of the model match that of
the experiment, the model values are extracted 6°CA
earlier than the experiment (344°CA vs. 350°CA). The
results of this exercise are shown in Fig. 27. As can be
seen, the model does a good job of predicting the

900 T—{ Motored Data + Model —— w
L 890 fo = S e -
g
E 880 A
[
@ 870 -
Q
B 8601 - W - mNe-N2 [ e
3 — -N2, |\C/|§de|
] | R N ©-Dry CSP T
o 850 Dry CSP, Model [
o —o—CSP !
£ 8404+ — -CSP,Model -~ ~+--~~~—
3 ——H20 |
8304 - - - - - -L-- _ _|= =H20, Model N D
| \\ —a—C02 |
! | L= €02, Model !
820 T T T T t T T r T

21 20 19 18 17 16 15 14 13 12 11
Intake O2 Mole Fraction [%]

Figure 27. Evaluation of the thermodynamic treatment
of the model. The experimental mass-
averaged temperatures are computed from
the pressure traces at 350°CA. The
temperatures for the adiabatic model are
extracted at 344°CA to maitch the
experimental [O,] = 20.95% point.



changes in the compressed-gas temperature that occur
when air is replaced with CSP, dry CSP, and the
individual constituents. The thermodynamic library used
was developed at LLNL [32]. Consequently, if model
discrepancies are found when reproducing fired
operation, those should be attributed to the chemical-
kinetics treatment, not the thermodynamics.

EVALUATION OF CHEMICAL-KINETICS MECHANISMS

First, it should be noted that the PRF mechanism from
LLNL exhibits less LTHR than that observed
experimentally. Because of this, PRF40 was used for the
simulations that correspond to experimental operation
with PRF80 fuel. This problem with the LTHR is
illustrated in Fig. 28. As can been seen, the experiment
has a substantial amount of LTHR for PRF80. However,
the model does not predict any LTHR when PRF80 fuel
is used. (This discrepancy was also discussed in
Ref. [5].) In fact, the n-heptane content needs to be
increased significantly to create a rational amount of
LTHR. Using PRF40, the model produces a substantial
amount of LTHR. Although the peak HRR during the
LTHR is higher, it also has a shorter duration. Integration
of the HRR curves shows that the PRF40 fuel produces
an amount of LTHR that is comparable to that of the
experiment. Consequently, the BDC temperature
required to establish the baseline operating point with
only air dilution was similar to that of the experiment.
Furthermore, it can be noted that the phasing of the
LTHR peak lags that of the experiment.

Figure 29 compares the autoignition retard with CSP
addition for iso-octane and PRF80. As can be seen, the
model predicts too-low sensitivity for both iso-octane and
PRF80. In addition, it indicates that PRF80 should have
more retard than iso-octane for a given [O,], which is
opposite from the experimental results. To identify the
causes for these discrepancies, Figs. 30 — 32 examine
the performance for CO,, N, and H,O. (Note that the x-
axis scales vary significantly between these figures.)

Figure 30 shows the effect of N, addition for iso-octane
and PRF80. As can be seen, the model severely under
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Figure 28. Rationale for using PRF40 to simulate the
experimental PRF80 data sets.
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Figure 30. Evaluation of model performance regarding
retard of hot ignition due to the predominantly
oxygen-reducing effect of N..

predicts the [O,] sensitivity for both fuels. This
discrepancy can largely explain the problems with CSP
addition, as plotted in Fig. 29. To its credit, the model
shows that the two-stage ignition fuel (PRF80) has
significantly higher [O,] sensitivity than the single-stage
ignition fuel (iso-octane). The too-low [O,] sensitivity of
the iso-octane mechanism has also been identified by
He et al. [25].

As discussed above, addition of CO, gives the least
reduction of [O,] for a given amount of thermodynamic
cooling. Therefore, CO, is a good species to evaluate
the thermal sensitivities of both mechanisms. It can be
noted that CO, is effectively an inert species at the
temperature levels prevailing during the autoignition
processes [25,26]. Figure 31 shows the result for iso-
octane and PRF80. As can be seen, the model
reproduces quite well the trend with PRF80. However,
since we know from Fig. 30 that the [O,] sensitivity is too
low, the parallel curves in Fig. 31 mean that the thermal
sensitivity of the model is somewhat too high for PRF80.
Furthermore, Fig. 31 suggests that the thermal
sensitivity is too low for the iso-octane model, but part of
this discrepancy can be explained by the too-low [O;]
sensitivity. Rapid-compression studies by He et al. [25]
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showed that the thermal sensitivity of the LLNL iso-
octane mechanism was slightly lower than that found
experimentally.

Enhancement of the autoignition reactions by H,O was
identified as an important mechanism for PRF80, as
discussed in conjunction with Figs. 15b and 18. This
effect is so strong that it compensates for the high C, of
H,O and makes the H,O and N, lines overlap in
Fig. 15b. These two curves are reproduced in Fig. 32,
along with the modeling results. The retarding effect of
N, is less than observed experimentally, due to the too-
weak [O,] effect as discussed above. However, the too-
weak [O,] effect should also affect the H,O result. Since
the model curve for H,O shows substantially more retard
than the model curve for N,, this means that the
enhancing effect of H,O in the model is less than
observed experimentally.

Having gained these insights, the results in Fig. 29 can
be re-evaluated. The model shows too-little sensitivity to
CSP addition. The main reason for this is the too-low
[O2] sensitivity for both fuels. In the case of PRF80, the
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too-high thermal sensitivity and the too-low enhancing
effect of H,O partly compensate for this and make the
CSP prediction closer to the experiment than it would
have been otherwise.

SUMMARY AND CONCLUSIONS

Exhaust gas recirculation (EGR) can be used
beneficially to control combustion phasing in HCCI
engines. For the gasoline and PRF fuels investigated
here, EGR addition retards the start of combustion for a
fixed T;, and C/F-mass ratio. However, the amount of
retard is dependent on the specific fuel type and the kind
of EGR - real EGR, simulated EGR (CSP), or dry CSP.

To clarify the reasons for these different trends, the
underlying mechanisms were identified by conducting
experiments with individual EGR constituents (N,, CO,,
and H,0). In addition, experiments were conducted with
both real and simulated EGR. The mechanisms
identified are:

1. Thermodynamic cooling effect due to high specific-
heat capacity of CO, and H,O. The single-stage ignition
fuels, iso-octane and gasoline, are more sensitive to this
retarding thermal effect than the two-stage ignition fuels,
PRF80 and PRF60.

2. [O,] reduction effect, which is caused by the
displacement of air by the EGR gases. This retarding
effect is strong for the two-stage ignition fuels (PRF80
and PRF60) but quite weak for the single-stage fuels
(iso-octane and gasoline). Gasoline showed the lowest
sensitivity to [O,].

3. Enhancement of autoignition due to the presence of
H,O. This effect is strong for the two-stage PRF fuels,
but much weaker for gasoline and iso-octane.

4. Enhancement or suppression of autoignition due to
the presence of trace species such as unburned or
partially-oxidized hydrocarbons, CO, and NO. The
single-stage ignition fuels (iso-octane and gasoline) saw
enhancement of autoignition due to these species, while
PRF80, which has two-stage ignition, became more
retarded.

In addition, the predictive capabilities of the detailed
chemical-kinetics mechanisms for iso-octane and PRF
from LLNL were evaluated. Comparison with motored
data showed that the thermodynamic treatment of EGR
is well implemented. Despite this, the model showed
some significant discrepancies when configured to
reproduce the retard of autoignition observed
experimentally. The main problem for both mechanisms
is too-low sensitivity to the reduction of [O,] associated
with  EGR, thus indicating an area where the
mechanisms could be improved.
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