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Abstract

Autoignition of iso-octane was examined using a rapid compression facility (RCF) with iso-octane, oxygen,
nitrogen, and argon mixtures. The effects of typical homogeneous charge compression ignition (HCCI) conditions
on the iso-octane ignition characteristics were studied. Experimental results for ignition delayriypesiere
obtained from pressure time-histories. The experiments were conducted over a range of equivalenge=tatios (
0.25-10), pressuregP = 5.12-23 atm), temperaturesT{ = 943-1027 K), and oxygen mole fractiongd, =
9-21%), and with the addition of trace amounts of combustion product gasesaf@d+$0). It was found that
the ignition delay times were well represented by the expression

Tign = 1.3 10’4P71‘05¢70'77X621'41 exp(33,700/ R ca/mol/k) T

whereP is pressure (atm}; is temperature (K)p is the equivalence ratio (based on iso-octanetofOlar ratios),

X0, is the oxygen mole percent (%), angh, is the ignition delay time (ms). Carbon dioxide was found to have no
chemical effect onrjgn. Water was found to systematically decreagg by a small amount (less than 14% for the

range of conditions studied). The maximum uncertainty in the measyget +12% with an average uncertainty

of £6%. The performance of several proposed chemical reaction mechanisms (including detailed, reduced, and
skeletal mechanisms) was evaluated in the context of the current experimental results.

0 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Homogeneous charge compression ignition
(HCCI) represents a potential major advance in high-
efficiency, low-emission engined]. HCCI is lean

* Corresponding author. Fax: +1 734 647 3170. burning and has no throttling losses, which leads to
E-mail address: mswool@engin.umich.edu high efficiencies and low N@emissions (and, poten-
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HCCI engine can have a much higher partial load effi-
ciency than a spark ignition (SI) engifg. Although
HCCI engines have been demonstrated to function
well under some operating conditions, obstacles have
been encountered in controlling the autoignition event
over a large range of engine load and speed condi-
tions, e.g., under low-load conditions, in cold starts,
and during transients between operating conditions
[1,3]. HCCI combustion is achieved by controlling
the temperature, composition, and pressure of the fuel
and air mixture so that it spontaneously ignites at
or close to top dead center. Consequently, the con-
trol system is fundamentally more challenging than
using a spark plug or fuel injector to determine igni-
tion timing. It is generally well accepted that the local
reaction kinetics are the most important processes af-
fecting HCCI combustiofil]. Therefore, an extensive
understanding of HCCI reaction chemistry is required
to address technological barriers and develop valuable
control strategies for HCCI engines.

The study of ignition delay timesr(yn) of iso-
octane (-CgH1g) mixtures is of particular interest
because iso-octane is one of the primary reference
fuels that determine octane numbers and knocking
tendencies of gasoline mixtures under spark ignition
operating conditions, and chemical kinetics of engine
knock are very similar to kinetics of ignition under
HCCI conditions. In addition, ignition delay time data
provide valuable benchmark results for validation and
refinement of the chemical reaction mechanisms used
in many HCCI design tools and combustion simula-
tions. Numerous detailed, skeletal, and reduced chem-
ical reaction mechanisms have been developed in re-
centyears to model HCCI combustion systems. These
models require extensive validation, especially under
conditions typical of anticipated HCCI operation.

Previous experimental studies of iso-octane igni-
tion delay times have focused primarily on stoichio-
metric conditions, high temperatures, and moderate
pressures (see, for example, the shock tube stud-
ies of Davidson et al[4] and Vermeer et al[5]).
These studies provide valuable insight into the physi-
cal and chemical mechanisms important under condi-
tions relevant to gasoline Sl engines. However, there
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is a paucity of iso-octane ignition delay time data
that have been obtained under HCCI conditions (e.g.,
¢ < 1.0; for example, see the shock tube study by
Fieweger et al[6] and the rapid compression ma-
chine studies by Minetti et a[7] and Tanaka et al.
[8]). Considerable uncertainty exists in extrapolating
Tign to conditions beyond the experimental bounds
of the studies. As high pressures, lean mixtures, rel-
atively low temperaturesi{ < 1100 K), and the use
of exhaust gases (via recirculation or internal residual
gases) to affect ignition delay times are of interest for
HCCI engine applications, additional data fqgn are
needed for these conditions.

Thus, the objectives of this work are to determine
the effects ofP, T, and mixture composition, within
the range of HCCI operating conditions, ofy, for
iso-octane. To achieve these objectives, experiments
over a broad range of state conditions using the free-
piston rapid-compression facility (RCF) at the Uni-
versity of Michigan (UM) have been conducted. The
results generated will provide much needed bench-
mark data for HCCI engine development and valida-
tion of proposed chemical reaction mechanisms.

2. Experimental approach

All ignition delay times were measured using the
UM-RCF. A detailed description of the UM-RCF, the
operating procedure, and the results of benchmark ex-
perimental studies characterizing its performance can
be found in Donovan et a[9], He et al.[10], and
Donovan[11]. A schematic of the UM-RCF is shown
in Fig. 1 Briefly, the UM-RCF consists of five ma-
jor components—the driver section, the driven sec-
tion, the test manifold, the sabot (i.e., free piston),
and the hydraulic control valve assembly—and, in its
most basic form, can be described as a simple piston—
cylinder device. The driver section (154-mm i.d.) acts
as a reservoir for high-pressure gases used to operate
the UM-RCF and is connected to the driven section
by a fast-acting globe valve. The driven section is the
cylinder (2.74 m long, 101.2-mm i.d.) through which
the sabot travels during operation (the sabot is loaded
into the globe valve end of the driven section) and is
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connected to the test manifold at its other end. Test
gases are loaded into the middle of the driven section
prior to operating the UM-RCF. During operation, the
globe valve is opened (using the hydraulic control
valve assembly), permitting the high-pressure driver
gas to enter the driven section and rapidly accelerate
the sabot. The test gas mixture in the driven section is
compressed in front of the sabot and sealed within the
test manifold.

The test manifold consists of components that per-
mit control of the overall length of the manifold (ex-
tension sections) and that contain the various diag-
nostics available with the UM-RCF (thermocouple
manifolds and the test section). Two extension sec-
tions are available in addition to the other compo-
nents described in Donovan et §]. The overall
length of the test manifold can be used to control
the overall compression ratio and, thereby, the end-
of-compression gas temperatures. The length of the
test manifold is set before each experiment and the
test section is connected to the driven section us-
ing a stainless-steel convergent section that bridges
the 101.2-mm bore of the driven section with the
50.8-mm bore of the remainder of the test manifold
components. The polycarbonate thermocouple mani-
folds are designed for the mounting of fine wire ther-
mocouples (Omega Engineering P10R-001, coated
with thin layer of SiQ to prevent catalytic reaction
on the thermocouple surface) across the bore of the
test manifold and were used to obtain quantitative

temperature measurements at various locations, both

axially and radially, within the test manifold. The test
section is equipped with two optical ports, a pres-
sure transducer port, two additional instrumentation
ports, and a gas inlet/outlet port. An end wall (ei-
ther transparent for optical imaging or stainless steel)
seals the test manifold. For the current study, the test
section was instrumented with two photodiode detec-
tors (Hamamatsu S1787-12 and Perkin—Elmer HUV-
1100BQ/G) to monitor the visible and UV emission,
and a piezoelectric transducer (Kistler 6041AX4) and
charge amplifier (Kistler 5010B) for pressure mea-
surements.

All test gas mixtures, with the exception of mix-
tures containing water vapor, were made using a
dedicated mixing tank. Ultra-high purity grade ni-
trogen (99.998%) and oxygen (99.98%), prepurified
argon (99.998%), carbon dioxide (99.8%50 ppm
H»0), distilled water, and iso-octane 99.8%, 2,2,4-
trimethylpentane, Aldrich) were used. The partial
pressures of the mixture components were used to
determine the mixture composition. To minimize the
potential for fuel condensation, the maximum partial
pressure of the iso-octane in the mixing tank was lim-
ited to <60% of the room-temperature vapor pressure
of iso-octane.

X. Heet al. / Combustion and Flame 142 (2005) 266-275

For the O experiments, a different test gas mix-
ture preparation strategy was used.iAgHg/Ar/N»/
O mixture with the desired equivalence ratio and di-
lution level was made in the dedicated mixing tank.
Water vapor was directed into a second large mixing
tank. The BO andi-CgHg/Ar/N2>/O> mixture were
then charged from the middle into the driven section
and allowed to mix for~30 min prior to conducting
each experiment. Although pure diffusion times may
indicate a need for mixing times ef2.6 h (based on
initial charge pressures 6f0.2 atm,7” = 298 K, H,O
diffusing into Ny, and a diffusion length of 1.37 m),
the 30-min mixing time was considered sufficient to
achieve homogeneous mixtures in the test section for
the following reasons. Thé-CgHg/Ar/N2/Oo mix-
tures are charged into the RCF at high pressures
(relative to the pressure in the driven section of the
RCF); therefore, the injection velocity of the gases
entering the RCF accelerates the mixing process. In
addition, the compression of the test gases during
each experiment induces motion (and commensurate
mixing) of the test gas mixtures. Thus, mixture in-
homogenieties are not sustained after compression.
This conclusion is supported by high-speed imaging,
which shows nearly uniform emission throughout the
test volume under the 40 conditions studied. Leak-
age of room air into the UM-RCF during the mixing
period amounted to less than 0.2% of the total test gas
volume and is accounted for in the mixture composi-
tions reported.

Throughout the current study, argon was used as
a balance gas to ensure the heat capacities of the
mixtures were approximately constant for all exper-
iments. Thus, each mixture yields the same temper-
atures at the end of compression if the compression
ratios for the experiments are the same, and the ef-
fects of heat capacity on thgyy, are eliminated.

3. Experimental results

Fig. 2 presents typical experimental results of
pressure, UV, and visible emission time histories for
conditions of¢ = 0.4 (0.67% iso-octane, 20.9%,0
14.8% Ar, and 63.63% §). In this work, the equiva-
lence ratio is defined as
_ (Xi—CgH1g/ X0Op)

(Xi—Csng/XOZ)stoichiometric’
and all compositional fractions are mole fractions.
Note that high-frequency>(2.5 kHz) disturbances
generated by the impact of the free piston are fil-
tered from the pressure time-histories. All data exhibit
the same general features seerfig. 2 where the
compression process leads to a smooth, continuous
increase in pressure. The bulk&5%) of the pres-
sure rise due to compression occurs in a short time

¢
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Fig. 2. lllustration of method used to determine ignition de- The end of compression was designated at the first
lay times from pressure—time histories and typical data. time the pressure reachd®ls due to compression

(seeFig. 2). This point was used as the starting point

(<10 ms). The first pressure maximum occurs as a for zjgn. To determine the start of ignition from the
result of compression and sealing of the gases in the pressure trace, the pressure time-history, which cor-
test section. This peak is followed by a decrease in responds to the last stage of the pressure drop due to
pressure due to heat losses to the test section walls, heat loss to the test section walls was linearly extrap-
followed by an increase in pressure due to ignition, re- olated. The portion of the pressure trace that corre-
sulting in a second maximum. Note, time= 0 s cor- sponded to the sharp initial pressure rise due to igni-
responds to the first peak in the pressure time-history. tion was also linearly extrapolated. The intersection
The UV and visible emission signals provide addi- of the two linear fits was designated the start of ig-
tional indications of ignition and, as seen fig. 2, nition. Fig. 2 shows an example of the methodology
track closely with the pressure time-histories. used to determinejgn from a typical pressure time-

Although thermocouple-measured temperature history. To verify the method used to determingy,
time-histories were obtained for the majority of the & similar methodology was applied to the UV emis-
experiments conducted, the thermocouple data were Sion data. The agreement between the two approaches
not used for correlating the ignition delay times due Wwas excellent (within 5% for most cases). Note, in
to the uncertainties associated with the interpreta- the remainder of the article? and7 are used inter-
tion of the thermocouple data. These uncertainties are changeably withP et andT et
due predominantly to the transient nature of the ther- A summary of the iso-octane ignition delay time
mocouple time constant during the compression and data is provided ifables 1 and 2Regression analysis
ignition processes (both the gas velocity across the was performed on the data, and the following correla-
thermocouple bead and the gas properties are time- tion yielded excellent agreement with the experimen-
varying). However, thermocouple data were used to tal data(R? =0.98):
prove the existence of an isentropic core region of o —13x 10‘4P‘1-05¢—0-77 141
gases of approximately uniform conditions during 19" — ~ X0,
nonreactive, inert gas experiments. It is important to x eXp(33,700/ R(calymol/k) T)- 3)
prove the existence of a core region because gases in
this region undergo an isentropic compression process
that forms the basis of the present data analysis. Fur-
ther details on the inert gas characterization studies
are provided in Donovan et g4B].

The ignition delay time for each experiment was
obtained from the pressure time-histories in the fol- .
lowing manner. First, an effective pressurg.f) was data are presented as a functiogaind (N, +Ar)/O2

' . ratio, and Eq.(3) is provided for comparison. Note
defined as the integrated average pressure from the . -
. . .. that the different categories of data show no system-
maximum pressure (due to compression) to the mini- _ . -
atic deviations from Eq(3).

mum pressure (due to cooling) after compression, but As mentioned above, mixtures that included ad-

before ignition: dition of H,O or CG, to the initial reactants were
tPrin investigated in the UM-RCF to determine the effects
_ 1 Pt ) (if any) on the iso-octane ignition delay time. Possible
(tPoyiy —  Prax) ' effects of CQ and HO ontjgy can be classified into
!Pmax two categories: physical effects (due to the large heat

Here, P is pressure (atm)[ is temperature (K)¢ is
the equivalence ratig;o, is the oxygen mole percent
(%), andrgn, is the ignition delay time (mskigs. 3-5
summarize the effects df, ¢, and P on tjgp, re-
spectively, where the data (excdfig. 4) have been
normalized as necessary using Eg). In Fig. 5, the

Pegt
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Table 1
Summary of experimental results for mixtures containing no
EGR gase’d
Ar 02 ¢ Petf T etf Tign
(%) (%) (atm) (K) (ms)
4.0 166 0.25 138 961 206
4.0 166 0.25 860 980 244
4.0 166 0.25 151 983 135
5.8 166 0.3 105 954 312
5.8 166 0.3 108 964 237
5.8 166 0.3 109 967 222
5.8 166 0.3 114 975 176
5.8 166 0.3 115 978 168
5.8 166 0.3 114 980 166
5.8 166 0.3 854 981 220
5.8 166 0.3 9.23 983 190
5.8 166 0.3 1477 983 114
5.8 166 0.3 1194 985 142
5.8 166 0.3 943 1003 1z7
5.8 166 0.3 8.86 1015 100
5.8 166 0.3 9.90 1015 100
5.8 166 0.3 9.97 1016 9
5.8 166 0.3 8.96 1019 13
7.8 166 0.35 141 969 138
7.8 166 0.35 143 971 132
10.0 166 04 137 945 205
10.0 166 0.4 103 950 243
10.0 166 04 138 953 160
100 166 04 105 956 217
10.0 166 04 113 961 198
100 166 04 142 962 138
147 209 04 215 968 56
100 166 0.4 9.72 969 197
10.0 166 04 151 975 100
100 209 0.4 178 977 65
10.0 209 04 179 978 63
100 166 04 111 978 141
10.0 166 04 8.88 982 172
14.7 209 04 155 983 69
100 166 04 155 984 84
10.0 166 0.4 162 985 86
147 209 04 119 986 84
100 166 04 156 986 Q0
100 166 04 120 988 114
100 166 04 5.24 997 219
100 166 04 5.21 998 233
100 166 04 5.16 999 216
100 166 04 5.25 1001 21
100 166 04 5.30 1003 1%
100 166 04 5.67 1004 174
100 166 04 541 1004 187
100 166 04 5.40 1004 18
10.0 166 04 5.36 1006 17
10.0 166 04 5.44 1008 176
10.0 166 04 5.38 1008 177
10.0 166 04 5.12 1010 18
10.0 166 04 5.35 1016 1e2

@ Composition data are provided on a mole basis. All ex-
periments were conducted using Bs the balance gas. The

equivalence ratio is based on iso-octane-torilar ratios.

Table 1 Continued.)

10.0 166 04 5.28 1019 146
10.0 166 0.4 5.37 1022 13
10.0 166 04 6.47 1025 112
10.0 166 0.4 6.81 1027 1
140 166 0.5 103 953 216
14.0 166 0.5 104 954 199
14.0 166 0.5 106 959 163
14.0 166 0.5 208 960 89
14.0 166 0.5 107 964 165
140 166 0.5 111 966 157
14.0 166 0.5 112 969 142
140 166 0.5 110 971 138
140 166 0.5 114 978 122
140 166 0.5 182 981 71
14.0 166 0.5 158 988 73
179 166 0.6 109 943 184
17.9 166 0.6 111 948 164
179 166 0.6 110 969 121
17.9 166 0.6 111 975 111
179 166 0.6 17.9 977 63
17.9 166 0.6 8.64 982 130
179 166 0.6 117 983 89
17.9 166 0.6 156 984 63
179 166 0.6 231 986 41
17.9 166 0.6 8.83 987 116
219 165 0.7 17.8 976 51
219 165 0.7 154 982 56
25.7 166 0.8 8.72 983 90
257 166 0.8 8.83 987 90
145 91 10 155 943 199
145 9.1 10 179 977 103
145 91 10 116 981 153
213 117 10 155 984 70
145 9.1 10 155 984 104
213 117 10 185 985 6

335 166 10 8.81 986 71

capacities of these molecules) and chemical effects.
The physical effect can be determined by simply in-
vestigating the effect of temperature opy,. In the
current work, possible changes in the reaction chem-
istry that might occur due to the presence ofCadd
H»0O were of interest. Here, argon was used to control
the heat capacity of the mixture to target temperatures
in the same range as the other UM-RCF iso-octane
experiments. The results for the @@xperiments are
listed inTable 2 Carbon dioxide additions of 0.5, 2.0,
and 3.0% (mole basis) were examined. The mixture
mole fractions for HO and CQ were selected based
on anticipated levels of exhaust gases for use in HCCI
systems. Comparison of the G@esults with baseline
data forzjgn obtained under similar conditions with
no CQO in the reactant mixtures indicates that £0
does not appear to have a chemical effect gg un-
der the conditions studied.

The results for addition of 3% $O (mole basis)
are shown inFig. 6 and listed inTable 2 The cor-
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Tablez Il P=I7I.9atm,T=l977K,xml=I6.6% !

Summary of experimental results for mixtures containing 1 4 ‘ 2:"';'9[:']“;HI;SS;;;‘;:IZ’;’:’MHW R
COy or H0 % - - -~ Curran [14] model results, P=15.9 atm, T=985 K, x,, =16.6%-]
COR  HO?  Ar P Tet  Tgn £ |

(%) (%) (%) (atm)  (K) (ms) E ] |
3.0 - 150 117 982 115 E o i
3.0 - 150 154 982 87 2

3.0 - 150 160 951 142 2

3.0 - 150 227 982 53 5 s .
0.5 - 117 118 989 103

0.5 - 117 155 984 81

0.5 - 117 183 086 69 s : : : : : :

05 _ 117 207 962 91 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
2.0 - 133 112 975 139 ¢

2.0 - 133 138 955 160

20 _ 133 178 975 83 Fig. 4. Influence of equivalence ratio ogyn.

2.0 - 133 212 965 82

- 30 119 117 979 129 2r—g T T L B L I B B B
- 30 119 137 949 174 SN Daaromalizedto:
- 30 119 154 973 100 10 o=04 i
- 30 119 168 950 133 oL Toa=207% ]
— 3.0 119 148 969 106

- 30 119 140 954 150 8 4
- 30 119 130 955 147 T 4] model s O

- 30 119 147 967 113 > =04, (NFAD/O=S h

Q4 =05, (N+AD/O=5
=06, (N,+Ar)/O,=5
=07, (N +Ar)/O,=5
=04, (N+Ar)/0,=3.76
=04, (N,+Ar)/O,=7.5 i
=04, (N,+Ar)/O,=10

1 1 1 1

2 All experiments were conducted using an equivalence
ratio of ¢ = 0.4 and @ mole fraction,xo, of 16.6%, and
using N\ as the balance gas.

Ignition Delay Time [ms]
<

o % e X m

1 1 1 1 1 T
11 12 13 14 15 16 17 18 19 20 21 22 23 24

Temperature [K]

1020 1000 980 960 940
13 T T T T T Pressure [atm]

= Current Work
9 Eq. 3)
- - - - Curran [14] model results

B Fig. 5. Influence of pressure afyn.

T 8r b
£ - Temperature [K]
@ 990 980 970 960 950 940
E 6 B T 20 T T T T
= vk —EadJ E
>5 18 A H0=3% ¢=04,%,~166% o
® 17 -~ Curran [14] model results, H,0 = 0% -7
'2 s . - :g ------ Curran [14] model results, .0 = 3% T
(] Data Normalized to: g
= —_— 14 -
= P=20atm PR 1
33 0=04 g >
=20.9% ]
Koo ° R b
3
1 1 1 1 Il EI 10 B
0.98 1.00 1.02 1.04 1.06 .g 9
1000/T [1/K] 5 ’
8 F /,',.r"‘ Data normalized to: B
; . L i P=15atm
Fig. 3. Summary of results for iso-octane ignition delay 7E 0=04 i
. . . =16.6%
times. The error bars denote the uncertainty in the measure- Fon
6
ments' 1.01 1.;)2 1.2)3 1.:)4 l.ll.')5 1.;)6

1000/T [1/K]
relation for the baseline data with no water addition
(Eq. (3)) is included inFig. 6 for comparison. Unlike

CO,, water seems to have a slight chemical effect on

Fig. 6. Influence of HO ontigp.

Tign- ON average, the mixtures including@ addi- study. The primary sources of uncertainty #fyn
tion exhibited lower ignition delay times. These re- are due to uncertainties in the mixture composition
sults are discussed further below. (which yields an uncertainty of 0.65% in the determi-

An extensive error analysis was conducted to nation of the mixture equivalence ratio and the mole
quantify the uncertainty in the results of the current fraction of &), uncertainties in the pressure measure-
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ment (which are due primarily to the definition of the
effective pressure and the accuracy of the pressure
transducer and charge amplifier), and corresponding
uncertainties in the calculated effective temperature.
Combining the results of the uncertainty analysis, the
uncertainty of the ignition delay time is determined
for each experiment using the equation

s ((nar) ()

1/2
dTign )2 <Brign )2

+ <8X02d)(02 + 3¢ do s
where the partial differential coefficients are calcu-
lated based on Eq3). The error bars iifrig. 3repre-
sent the results of the uncertainty analysis. The max-
imum uncertainty of the current study 4s12%, and
the average uncertainty6%.

3Tign
oT

Tign
P

(4)

4, Discussion

In Fig. 7, the results of the current work are com-
pared with results of previous shock tube and RCF
studies of iso-octane ignition delay times. Here, all
data have been normalized o= 20 atm,¢ = 0.4,
and xo, = 20.9% using Eq.(3). As seen inFig. 7,
the current work is in very good agreement with the
low-temperature shock tube study by Fieweger et al.
[6] and the more recent low-temperature shock tube
study by Davidson et al[13]. Compared with the
ignition delay times in the relatively high temper-
ature (" > 900 K) region, the experimental results
for Tjgn show much larger scatter as temperature ap-
proaches the negative temperature coefficient (NTC)

Temperature [K]

1250 1200 1150 1100 1050 1000 950 900
6 T T T T T T T T T

40 Data Normalized to:

P=20atm
0=04
Xop = 209%

20

Ignition Delay Time [ms]

2 o
S
ok ®  Current Work (RCF, ¢ =0.25-1.0)
0:; r ol o Fieweger et al. [6] (Shock tube, 0=1) 7]
06 o ®  Fiewcger ct al. [6] (Shock tube, ¢ = 0.5)
ot % Davidson ct al. [13] (Shock tube, ¢ = 1)
04 S, *  Davidson ct al. [13] (Shock tube, ¢ = 0.5)
° Oy 4 Tanaka ct al. [8] (RCM, ¢ =0.2-0.5)
0.2 1 1 1 1 1 1 1 1 1
080 085 090 095 100 105 110 LI5 120 125 130

1000/T [1/K]

Fig. 7. Comparison of current results for iso-octane igni-
tion delay times with those for previous shock tube and RCF
studies.

X. Heet al. / Combustion and Flame 142 (2005) 266-275

region (' < 850 K). This may be due to uncertain-
ties in the gas temperatures due to the long test times
required at these low temperatures. Note that knowl-
edge of the functional dependence 0, on ¢ is
critical for accurate determination of the activation
energy. As seen ifrig. 7, only few data under fuel-
lean conditions existed forjgn prior to this study.

In addition, inert gases are used (in part) to control
temperature in both RCF and shock tube studies. Un-
derstanding the effects of dilution afyy, (presented
here as the functional dependence@#,) is there-
fore also important.

As shown in Eq(3), an overall activation energy
(Eq) of 33.7 kcafymol was determined in the course
of this work. The value foE 3 is lower than the activa-
tion energy of 43.9 kcgmol reported by Davidson et
al. [4] for high-temperature iso-octane ignition delay
time studies. The difference ifi for the two temper-
ature regimes is likely due to the increased role of the
carbonyl-hydroperoxide species on reaction kinetics
at these relatively low temperatures. This is discussed
further below.

Similarly, the pressure dependence and equiva-
lence ratio dependence observed in the current study
differ from previous results obtained at higher tem-
peratures. For example, Davidson et @] found
tign o« P~056 for shock tube experiments with
i-CgH1g/O2/Ar mixtures at7 = 1117-2009 K. They
also found thatig, increased with increasing ac-
cording totign o ¢1-62.

To better understand the effects &f, T, ¢,
and xo, on low-temperature iso-octane ignition,
CHEMKIN modeling of the RCF experiments was
conducted using the detailed reaction mechanism of
Curran et al[14]. For the modeling studies, the Au-
rora/Chemkin 3.7.1 suite of prograrfib] was used.
Two modeling approaches were investigated. The
first model simulated the compression process and
the expansion of the core gases after compression.
The second model was more simplified and consid-
ered the post-compression conditions as an adiabatic,
constant-volume system.

In Model 1, the initial charge pressure, tempera-
ture, and reactant composition were used as the initial
conditions of the Chemkin calculation. An adiabatic
process with constant internal energy was assumed,
and a volume time-history that includes both the com-
pression and postcompression processes was used in
the model. By including the volume change in the
Chemkin calculation, the model simulates the actual
compression and ignition processes of the core gas
mixture. The volume time-history used in the model
was obtained in the following manner. The pressure
time-history was divided into two time intervals: com-
pression and post-compression. During compression,
changes in pressure and temperature due to chemi-
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cal reaction are small (although some reaction does and dependence @n In the extensive modeling study
occur in the final stages of compression). Isentropic conducted by Curran et aJ14], the authors found
compression was assumed, and a polynomial fit was that at temperatures below 1150 K, fuel-lean mix-
applied to the experimental pressure trace to calculate tures ignite more slowly than fuel-rich mixtures. This
the volume change during compression. After com- trend was attributed to the production of carbonyl-
pression, the test gas in the core region undergoes a hydroperoxide species which lead to chain branching.
slight expansion (due to heat losses to the chamber The production of carbonyl-hydroperoxide species is
walls). To obtain the expansion rate of the core gases directly proportional to the fuel concentration; thus,
in the test section (or, in other words, estimate the ef- increasingp leads to increased radical production and
fects of the heat losses on the volume of the adiabatic decreased ignition delay tim§s4]. At temperatures
core region of the test gases), inert gas experiments above 1150 K, the key H O, — OH + O branching
were conducted under experimental conditions com- reaction becomes more important, and increasing the
parable to those for the iso-octane ignition studies. O, concentration decreases the ignition delay time.
The pressure trace of the inert gas experiments after As seen irFig. 4, the experimental results of the cur-
compression was then used to calculate the volume rent study confirm thatgy, increases with decreasing
expansion of the core gas, again assuming an isen- equivalence ratio. The data shownFRig. 4 have not

tropic process.

For Model 2, a constant-volume, adiabatic process
is assumed where the initial conditions are the effec-
tive temperature, the effective pressure, and the initial
test gas composition. Model 2 does not include the
effects of reaction during compression. The same re-

been normalized, and although the temperature and
pressure for each data point are not exactly the same,
the results clearly indicate the strong effectgobn
Tign-

The Curran et al.[14] mechanism predicts a
weaker dependence of pressure ($8g. 5 and

action mechanism and thermodynamic data were used slightly shorter ignition delay time when 3%@ is

for each model.

As seen inFig. 8 the two modeling approaches
yield very similar results for the ignition delay time,
with a difference of less than 5%. Based on the good

added to a baseline reactant mixture (Bigg 6). Note
that the magnitude of the shift ing, predicted to oc-
cur when water is added to the mixture is within the
uncertainty in the experimental measurements. How-

agreement between the two modeling approaches, the ever, a decrease injgn of 7.1% (on average) was

definitions used in this work for effective temperature

and effective pressure were considered a good basis

for input conditions for zero-dimensional modeling,
and the simplified Model 2 approach was considered
adequate for evaluation of modeling trends.

The Model 2 results using the Curran et @i4]
mechanism are included iRigs. 3-6 In general,
the modeling results using this mechanism were in
good agreement with the experimental results, par-
ticularly in terms of activation energyEg curran=
323 kcal/mol vs Eg experimenta= 33.7 kcal/mol)

30 T T T T T

sk Model 1

- - - Model 2

Pressure [atm]

-10 -5 0 5

20

Time [ms]

Fig. 8. Comparison of chemical kinetic modeling ap-
proaches.

observed in the experiments.

Many iso-octane combustion mechanisms have
been developed in addition to the Curran et[&l]
mechanism. The performance of several other mech-
anisms at reproducing the UM-RCF iso-octane re-
sults was also evaluatedable 3lists the mecha-
nisms considered and key features of the mechanisms.
A summary of the predictions of the reaction mecha-
nisms (Curran et al14], Golovichev/Chalmer Uni-
versity [16], Tanaka et al[17], and Glaude et al.
[18]) is presented as a function of temperature in
Fig. 9. Values for E4 as determined from these re-
sults are provided iTable 3 All mechanisms are in
relatively good agreement with the experimentally de-
termined value foiE 5. Similar comparisons between
the modeling and the experimental results can be gen-
erated forg, P, and xo,. The results in terms of
the other fitting parameters fafg, (using the form
Tign = AP"¢™ X(’gzexp(Ea/R(canoVK)T) are also
provided inTable 3 along with the conditions under
which the evaluations were conducted. Although each
mechanism demonstrates good performance in repro-
ducing trends for some parameters, the results of the
Curran et al[14] model and the Golovichev/Chalmer
University [16] model agree better both in absolute
magnitude and in prediction of quantitative trends.
The Curran et al[14] model predicts a weaker influ-
ence of oxygen mole fraction ofign (k = —1.07)
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Table 3
Features and results of iso-octane chemical reaction mechanisms examined

Number  Number Mechanism A Ea n m k

of species of reactions type (kcal/mol)
Current study - - — 1.30E4 337 —1.05 -0.77 —141
Curran et al[14] 858 3606 Detailed 5.3655 323 -0.88 —-0.88 —1.07
Golovichev/Chalmers Universifjl6] 84 412 Skeletal 3.13E4 304 —094 -0.84 -1.22
Tanaka et al[17] 38 61 Reduced 1.284 338 —-1.01 -0.81 —-1.73
Glaude et al[18] 353 1481 Detailed 6.25E4 288 —0.90 -0.64 —-1.04

& The fitting parameters were derived for a function of the fajgp = A P" ¢ Xéz exp(Ea/Rcaymol/k)T)-
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Fig. 9. Comparison of experimental and modeling results
(calculated using different chemical reaction mechanisms)
for the influence of temperature on iso-octane ignition delay
times.
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Fig. 10. Comparison of experimental and modeling results
(calculated using different chemical reaction mechanisms)
for the influence of oxygen mole fraction on iso-octane igni-
tion delay times.

than the experimental resultd = —1.41). As can
be seen inFig. 10 the Curran model overpredicts
Tign When xo, is higher than 22%, and underpre-
dictstign when o, is lower than 22%. The results of
the Golovichev/Chalmers Universif¥6] model(k =

20

z 1
E !
g 7r -
£ 6} Currentstudy —xq Z~~ [ TTeel
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& S~ m=-0.77
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=1 e
R
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=
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Fig. 11. Comparison of experimental and modeling results
(calculated using different chemical reaction mechanisms)
for the influence of equivalence ratio on iso-octane ignition
delay times.
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Fig. 12. Comparison of experimental and modeling results
(calculated using different chemical reaction mechanisms)
for the influence of pressure on iso-octane ignition delay
times.

—1.22) show a similar tendency (ségg. 10, where
the model overpredictsign, when xo, is higher than
13% and underpredictsign, when xo, is less than
13%. The mechanism of Glaude et fl8] consis-
tently overpredictsrign by ~30%, and the mecha-
nism by Tanaka et aJ17] consistently under predicts
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Tign by ~60% under the conditions studied. However,
the trends predicted by the Tanaka mechanism are in
very good agreement with the experimental results,
which is quite remarkable, given the level of empiri-
cism incorporated into the model.

Similar comparisons of the modeling results are
shown inFigs. 11 and 1Zor 7jgn as a function of
equivalence ratio and pressure, respectively. As ex-
pected, based on the dataTiable 3 the models are
in generally good agreement with the trendsgand
P, with varying levels of agreement with the absolute
values for the ignition delay time. Note that the level

of agreement on an absolute basis varies based on the

normalization conditions selected.

5. Conclusions

These experiments have attempted to clarify the
roles of temperature, pressure, equivalence ratio, dilu-
ent (Ar and N)-to-oxygen ratio, and EGR gases
(CO, and HO) on ignition delay times of iso-octane
mixtures under conditions relevant to HCCI opera-
tion. The results of this study are the first experimental
data available for iso-octane ignition delay times at
low temperature, high pressure, and low equivalence
ratio conditions. The results reported for ignition de-
lay time could not have been predicted using existing
correlations or extrapolated from existing experimen-
tal data without considerable error/uncertainty. Thus,
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Consortium. We also thank Professor Ronald Hanson
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ing their recent shock tube results.
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