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Several dilute mixtures of varying concentrations and equivalence ratios (φ= 0.5, 1.0) of C2H4/O2/Ar/SiH4 were
studied between 1115–1900 K and 0.9–3.3 atm. Argon dilution ranged from 96–98% with total concentrations
between 0.67 and 3.2 ×× 10−5 mol/cm3. Reaction progress was monitored using chemiluminescence emission from
the hydroxyl radical near 307 nm. For SiH4 concentrations less than 10% of the ethylene in the mixture by volume,
the ignition delay time was reduced by approximately 30% to greater than 50%. The addition of SiH4 had a small
effect on ignition activation energy, indicating the chain branching mechanism for C2H4 ignition is sped up but
not altered greatly by the silane at higher temperatures. After adding an appropriate OH∗ submechanism, several
modern kinetics mechanisms containing high-temperature ethylene chemistry were compared to the data without
SiH4. Most of the mechanisms captured the ignition activation energy quite well, but only the mechanism of Wang
and Laskin (1998) was typically within 10% of the absolute experimental ignition times over the entire range
of conditions. The basic formation and quenching characteristics of the OH∗ profiles were reproduced by most
mechanisms, but each requires some improvement to match all features.

Introduction

E THYLENE combustion and chemical kinetics are of interest to
high-speed propulsion, materials synthesis, and many other ap-

plications because C2H4 is a key fuel and an important intermediate
in the oxidation of higher-order hydrocarbons. Numerous studies
have been conducted starting in the late 1960s and ranging to the
present day.1−21 One parameter of interest in the oxidation of C2H4

is its ignition delay time τign. Ignition-time measurements are not
only of practical interest but also of fundamental interest because
such data are commonly used to validate detailed chemical kinetics
mechanisms. High-temperature τign data are usually obtained using
the shock-tube technique. A survey of shock-tube ignition data for
lower-order hydrocarbons can be found in Schultz and Shepherd,15

and a recent survey specific to ethylene ignition in shock tubes is
provided by Varatharajan and Williams.19

With ever more precise methods of measuring reaction rates and
species time histories, coupled with more powerful methods of con-
ducting numerical analysis for comparison to experimental data,
the study of ethylene chemical kinetics is becoming more complete.
Even so, there is still much discrepancy among established ignition
delay time data, and modern chemical kinetics mechanisms are inad-
equate over all ranges of temperature, pressure, and stoichiometry.
For example, differences among τign studies are attributed to dif-
ferences in diagnostic technique, purity level, concentration ranges,
temperature ranges, and definition of ignition time.19 Many of these
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issues can be resolved using modern laboratory techniques and the
correct interpretation of the data for an equivalent comparison to
detailed kinetics models. New studies on ethylene ignition and oxi-
dation are warranted based solely on these discrepancies. However,
a primary focus of the present study, in addition to obtaining funda-
mental C2H4 ignition data, was the interaction between hydrocar-
bons and the oxidation of silane.

Silane oxidation has potential application in high-speed com-
bustion and has been of interest since the landmark experiments
of McLain et al.22 Silane, hypergolic in the presence of oxygen,
is applicable to aerospace applications for its ignition-enhancing
capabilities.23,24 Recent studies have shown the benefits of adding
silane to the combustion process of common hydrocarbon fuels by
reducing ignition delay times, resulting in shorter residence times
in high-speed engines. Additionally, silane is used as a silicon pre-
cursor for the materials synthesis of nanoparticles and chemical
vapor deposition.25−29 A byproduct of the silane oxidation process
is the formation of silicon oxides such as SiO and SiO2, which are
useful for the flame synthesis of glasses, coatings, and other ma-
terials. In such processes, the silane precursor is often added to a
hydrocarbon-fueled reaction zone, and so the kinetics of the coupled
hydrocarbon/SiH4 oxidation process are important.25,30−32

Over the past two decades, much progress has been made on the
formation of a chemical kinetics mechanism for the oxidation of
SiH4 and related molecules, but there still exist considerable un-
certainty and discrepancy on individual reactions and entire mech-
anisms, particularly those that can treat the formation of heteroge-
neous, Si-based compounds at flame temperatures.33 The process is
complicated further when in the presence of hydrocarbons, and few
chemical kinetics studies exist for silane/CxHy oxidation.25 To pro-
vide much-needed fundamental data in these areas, the authors have
been conducting a series of shock-tube experiments and chemical
kinetics analyses of silane ignition and oxidation. These previous
efforts include the study of H2-based mixtures33,34 and mixtures
based on methane34 and acetylene.35,36

The present paper continues the study of high-temperature
(T > 1000 K) hydrocarbon/silane combustion at near-atmospheric
pressures by exploring ethylene-based mixtures with small quanti-
ties of SiH4. Ignition delay times measured from shock-tube experi-
ments with and without silane were conducted and are summarized.
For the results without silane, comparisons are drawn between the
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Table 1 List of test mixtures, their compositions, and test ranges

Mixture %C2H4 %O2 %Ar %SiH4 φ [M] × 105, mol/cm3 T , Ka E , kcal/mol

1 1.00 3.00 96.000 0.000 1.0 0.71–1.2 1286–1683 22.8
2 0.50 1.50 98.000 0.000 1.0 0.67–1.1 1223–1733 24.9
3 0.50 1.50 97.964 0.036 1.0 0.81–1.1 1274–1579 28.9
4 1.00 3.00 95.978 0.022 1.0 0.81–1.2 1190–1539 25.7
5 0.30 1.70 98.000 0.000 0.5 0.80–1.2 1314–1525 23.2
6 0.29 1.71 97.964 0.036 0.5 0.71–1.3 1320–1901 21.2
7 0.57 3.43 96.000 0.000 0.5 0.7–1.3 1244–1754 20.1
Overall, no SiH4 —— —— —— —— —— 0.67–3.0 1223–1746 26.6
Overall, w/SiH4 —— —— —— —— —— 7.1–1.3 1190–1901 26.3

aThe temperature range corresponds to the range of validity for the activation energies E .

measured ignition delay time data and the results of previous exper-
imental studies. For completeness, the experimental results with-
out SiH4 are compared to state-of-the-art chemical kinetics models
to discern the abilities of these models to reproduce the data over
the range of conditions herein. Also, the combination of ethylene
combustion with silane addition was studied, and some results are
described.

Experiment
Apparatus

All experiments were conducted in the shock-tube facility at The
Aerospace Corporation. Details concerning the physical layout of
the apparatus as well as descriptions of the auxiliary components and
diagnostics not described herein can be found in Petersen et al.37 The
helium-driven shock tube has a driven section diameter of 16.2 cm
and a driven length of 10.7 m. The conditions behind the reflected
shock wave immediately on reflection from the endwall were de-
termined from the measured incident shock-wave speed and the
standard, one-dimensional shock-wave relations. The shock veloc-
ity on reaching the endwall was determined by fitting a line to the
four different axial-velocity measurements and extrapolating to the
endwall.37 Uncertainty in the test temperature using this technique
in the present facility is less than 10 K.

Seven mixtures of C2H4/O2/Ar with and without silane were ex-
amined. Table 1 lists the various mixtures and their corresponding
fuel-to-oxidizer equivalence ratios φ. The mixtures were prepared
in a stainless-steel mixing vessel. To obtain the correct mixture ra-
tios, the partial pressure method was employed. The gases used were
ultra-high-purity (UHP) argon, UHP O2, research-grade C2H4, and
research-grade SiH4. The mixtures containing both SiH4 and O2,
because of their hypergolic nature, were specially premixed using
the technique demonstrated previously.34

Light emission from OH∗ A2�+ → X2� chemiluminescence was
collected through two CaF2 windows, one located at the endwall and
the other located 1.6 cm from the endwall. Two Hamamatsu 1P21
photomultiplier tubes (PMT) in specially designed housings, one at
each CaF2 window, were used with 310-nm (10-nm full width at
half maximum) filters to measure the ultraviolet OH∗ emission. The
light detected by the sidewall PMT was passed through a narrow
(≈1 mm) slit to ensure adequate time resolution for OH∗ profiles.
Also, the PMT circuitry was optimized to maintain good signal-
to-noise, time response, and linearity. Fast-response pressure trans-
ducers were colocated at both window positions and were needed
to monitor the arrival of the reflected shock wave. Because of the
highly dilute mixtures (Table 1), pressure was not used as an ignition
diagnostic because the corresponding increase in pressure caused by
ignition was either not observed or was not strong enough to deter-
mine an ignition time with acceptable precision.

Data Analysis
With regard to some of the discrepancies among different ignition

delay time studies just mentioned, the diagnostic details and the
interpretation of the measured results must be considered carefully.
The details of the data reduction must then be relayed to others so
that future use of the data to validate chemical kinetics models and
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Fig. 1 Characteristic times defined with results of a typical experi-
ment: a) endwall and b) sidewall, mixture 5, φ= 0.5, 1404 K, 1.23 atm.

to compare with existing data are consistent with the experimental
study (or at least any differences that remain are identified). Figure 1
defines two characteristic times, τign and time-to-peak concentration
τpeak.

For the endwall emission data, Fig. 1a shows that the ignition
time is defined as the intersection between a line corresponding
to the maximum slope and the initial concentration. The authors
have found that such as definition tends to agree with similar defini-
tions from older data employing pressure as a diagnostic and other
species, but can still be species specific (see the following).34,36 The
corresponding sidewall emission trace is shown in Fig. 1b. Peak
time, although good for validating kinetics models, does not make a
good ignition delay time because it tends to be too species specific.36

As shown in Fig. 1, the endwall emission trace is not the same as
the sidewall emission trace in appearance because of differences in
the optical path and the transient nature of shock-tube experiments.
It is commonly accepted that the endwall emission trace gives the
true ignition delay time because the gas molecules near the endwall
are exposed to the reflected shock wave before molecules further
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Fig. 2 Comparison of ignition delay times obtained from endwall and
sidewall emission traces.

away, as at the sidewall port, and are immune to potential non-
ideal gas dynamic effects because of ignition-induced motion of the
gas. Ideally, both measurements should produce the same ignition
delay times, but nonideal gas dynamic effects caused by the igni-
tion process itself cause the sidewall ignition to appear accelerated
because of an “ignition wave” that moves from the endwall. This
phenomenon is well known in cases of strong ignition, which occurs
in highly exothermic mixtures (i.e., mixtures with lower levels of
dilution) and is discussed in Petersen et al.38 and Horning et al.39

Although it was believed that dilution levels greater than about
95% are immune to such gas dynamic effects,39 they were still ob-
served in the ethylene experiments. Figure 2 shows typical results
of τign obtained simultaneously from both the endwall and the side-
wall for a series of experiments using mixture 2 with a 98% argon
dilution, the most diluted mixture herein. The sidewall ignition is
accelerated slightly for the higher temperatures and can be as much
as 30% faster than the endwall result. For temperatures less than
about 1500 K, the differences were less than 10%. Similar results
were observed for all mixtures. Therefore, because the endwall ig-
nition is unaffected by such postignition gas dynamic effects, τign is
derived from endwall emission unless otherwise specified.

Nevertheless, species time histories obtained from the sidewall
are useful for comparison to concentration profiles obtained from
zero-dimensional chemical kinetics modeling. As seen in Fig. 1a,
the endwall emission is only good for observing the initial ignition
delay time. This fact is because the signal that reaches the detector
at later times (because of the optical path that the detector “sees”)
is actually an integrated light signal from subsequent ignition oc-
curring at locations away from the endwall; these locations further
away were processed by the reflected shock wave at times later than
the initial reflection from the endwall. Hence, ignition occurs later
at these locations, producing seemingly continuous light emission
that is picked up by the endwall detector and appears as “noise”.

In contrast, the sidewall signal ideally only sees the same gas
particles for the entire post-reflected shock test time, as in the zero-
dimensional approximation. Characteristics other than τign, such as
τpeak, can therefore be discerned from the sidewall measurement.
However, a slight adjustment in time should be done to the side-
wall trace to account for the nonideal gas dynamic effects caused
by ignition, as already mentioned. The authors suggest adding the
difference between endwall and sidewall ignition delay time (i.e.,
τign,endwall − τign,sidewall) to the time coordinates of the concentration
time history when using the sidewall data in a quantitative compar-
ison with chemical kinetics models (or with other experiments).

In summary, the endwall OH∗ measurements are useful for τign,
whereas the sidewall measurements are useful for comparison with
kinetics models and to provide details such as τpeak. Because τpeak is
not measured at the endwall, the difference between the peak time
and ignition from the sidewall (i.e., τpeak − τign) is provided herein.
According to the zero-dimensional assumption that applies after
ignition occurs at the sidewall, this difference should be the same
as what would be measured at the endwall if that were possible.
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Fig. 3 Different characteristic time definitions from the data of mix-
ture 1 (τign,OH∗ and τpeak,OH∗ ) and the kinetics model of Wang
and Laskin40 (also, data available online at http://ame-www.usc.edu/
research/combustion/combustionkinetics/c2 download.html.) (τign,OH∗ ,
τign,CH∗ , and τpeak,OH∗ ). Peak times are generally longer than ignition
times, and τign from OH∗ and CH∗ differ slightly but are within the
precision of the data.

Additional considerations when reducing the experimental data
include the actual definition of ignition delay time. This detail can
be quite important, particularly when comparing the data to the re-
sults of other experiments or modeling results that might be based
on different diagnostics and different definitions of ignition time.
For example, species that are often measured in shock-tube oxi-
dation experiments include not only OH∗ chemiluminescence, but
CH∗ chemiluminescence, ground-state OH, CO, CO2, and several
other species (and of course pressure). Ignition has been defined in
many ways in the literature, including that in Fig. 1 as well as the
peak concentration, the maximum derivative, and other prominent
features.19,36

Shown in Fig. 3 is a comparison between τign,OH∗ and τpeak,OH∗
from the present experiments along with predictions from a chemical
kinetics model for both as well as for τign based on CH∗. (Details
on the kinetics modeling are provided in a later section.) The time-
to-peak OH∗ tends to occur noticeably later than τign as defined in
Fig. 1b, a result that is corroborated by the modeling predictions.
The authors have also found that τign,OH∗ tends to agree quite well
with τign,CH∗ ,36 also seen in Fig. 3. With these subtleties in mind,
care should be exercised when using the ignition-time results of
the present study (or any other study) for comparisons with other
ignition data and with chemical kinetics models.

Results
Table 2 lists the characteristic times and corresponding tempera-

tures and pressures for each mixture. Experimental reflected-shock
temperatures and pressures ranged from 1115 to 1900 K and from
0.9 to 3.3 atm, respectively. The total concentration ranged from
6.7 × 10−6 to 3.2 × 10−5 mol/cm3. As just discussed, the peak times
are presented as relative times (i.e., τpeak − τign). The worst-case un-
certainty in the stated ignition delay times is approximately 20% of
the values listed, although in most cases the uncertainty is much
less than 20% and typically on the order of 5–10%. Presented
next is a comparison of the data to previous studies, plots of the
species time histories, and ignition delay time graphs for the various
mixtures.

Comparison to Previous Studies
Mixture 1 experiments were conducted at a pressure near 3 atm

for the purpose of comparison to previous experimental tests run
by Baker and Skinner1 and Hidaka et al.9 Baker and Skinner were
among the first to complete a wide-scale analysis of ethylene ig-
nition using a shock tube. Because of this, their data are often the
most widely used for comparison and analysis purposes. For the
current ethylene investigation, the Baker and Skinner1 ignition-time
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Table 2 Data table with corresponding run conditions, ignition
delay times, and peak times relative to τign, all defined at the endwall

Mixture T , K P , atm τign, µs τpeak − τign, µs

1 1647 2.61 36 8
1530 2.96 56 15
1487 3.02 58 15
1507 2.77 59 13
1388 2.88 112 14
1341 2.91 159 20
1295 2.90 219 25
1468 2.77 71 14
1732 2.61 27 11
1746 2.61 24 10
1652 2.72 33 12
1625 2.79 40 14
1554 2.73 48 15
1416 2.99 98 14
1331 3.05 180 20
1276 3.16 312 34
1228 3.26 668 45
1488 1.21 123 ——
1388 1.09 236 38
1423 1.12 204 33
1452 1.17 157 30
1455 1.17 152 33
1357 1.03 318 40
1412 1.11 196 35
1439 1.14 180 31
1386 1.08 254 37
1414 1.11 217 34
1475 1.19 149 30
1400 1.09 227 34
1388 1.10 247 35
1416 1.13 201 32
1397 1.10 220 33
1426 1.13 185 32
1286 1.27 537 44
1683 0.98 73 24
1621 1.16 78 24
1481 1.08 154 32
1286 1.17 499 42

2 1597 2.60 52 10
1495 2.72 114 36
1278 3.02 621 92
1389 2.94 206 52
1259 1.18 1078.3 160
1418 1.08 344.4 94
1682 0.94 104.5 47
1331 1.13 693 121
1650 1.14 123.5 53
1563 1.08 168.7 61
1412 0.99 380.5 98
1488 1.04 242.9 79
1223 1.12 1544 106
1300 1.10 762 125
1223 1.12 1780 174
1563 1.04 146 69
1733 0.96 87 40

3 1274 1.20 591 135
1333 1.13 387 117
1434 1.09 208 104
1527 1.01 104 76
1579 1.07 70 69
1544 1.13 87 70
1534 1.15 101 75
1517 1.16 96 67
1362 1.07 336 125
1453 1.19 155 82

4 1190 1.13 828 47
1306 1.17 307 40
1368 1.08 179 36
1539 1.07 74 28
1228 1.09 552 53
1279 1.04 372 45
1468 1.07 103 32
1193 1.12 812 58

(Continued)

Table 2 Data table with corresponding run conditions, ignition
delay times, and peak times relative to τign, all defined at the endwall

(continued)

Mixture T , K P , atm τign, µs τpeak − τign, µs

1530 1.02 76 31
5 1343 1.30 361 104

1461 1.12 202 80
1525 1.00 160 63
1404 1.23 270 83
1314 1.16 529 134
1330 1.28 396 105

6 1242 1.13 436 140
1320 1.11 208 110
1470 1.12 80 63
1583 1.06 50 42
1901 1.10 19 22
1470 1.24 76 56
1323 1.11 208 110
1678 1.05 37 34
1326 1.17 194 94
1555 1.10 54 51
1330 1.15 179 92
1365 1.12 148 86
1320 1.27 187 74
1407 1.23 111 62
1545 1.21 55 42
1671 1.15 36 29
1339 1.19 170 69
1167 1.28 1265 218
1531 1.12 59 53

7 1324 1.17 267 51
1244 1.19 495 62
1153 1.17 1740 169
1158 1.22 1575 128
1132 1.26 2539 121
1129 1.3 2903 189
1146 1.25 2070 156
1302 1.18 389 49
1308 1.38 383 46
1284 1.34 384 47
1339 1.33 257 34
1271 1.23 485 55
1214 1.27 938 71
1158 1.22 1615 155
1115 1.22 3397 369
1147 1.23 2121 105
1501 1.16 117 34
1754 1.01 61 19

data were of interest as well as their activation energy value. Their
correlation presented in Fig. 4 corresponds to their mixture that is
equivalent to mixture 1 from Table 1.

Current results agree remarkably well with comparable studies
when care is taken to compare similar diagnostics and ignition-time
definitions. Differences in test pressure for data when plotted in the
usual fashion as in Fig. 4 are a potential source of discrepancy when
using results from previous investigators and in comparing the re-
sults of one study to another. In many cases, the test pressures for
published data are not provided in any rigorous detail. For the com-
parison shown in Fig. 4, the data have been adjusted to a common
pressure (2.9 atm) that is near the original experimental values of
the two studies as well as the current one.

Also, to facilitate direct comparison of the present data to the
two previous data sets that were based on sidewall measurements,
the mixture 1 stoichiometric data in Fig. 4 are from the sidewall
ignition measurements without corrections for gas dynamic effects.
Note that Fig. 4 is the only plot wherein sidewall τign values are used
instead of endwall values.

The slight discrepancies seen in Fig. 4 can be caused by differ-
ences in diagnostics. Hidaka et al.9 measured CH∗ chemilumines-
cence (along with OH∗ and C∗

2) through a window 1 cm from the
endwall and defined τign in a manner similar to that used herein.
Baker and Skinner,1 like the present study, recorded OH∗ emission;
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Fig. 4 Comparison of current results for mixture 1 with previous stud-
ies. All data are adjusted to the average pressure of the experiments,
2.87 atm.

however, they characterized ignition in terms of maximum emission
intensity (τpeak). As can be seen in Fig. 3, τpeak occurs slightly later
than does τign, so that higher times for this parameter are to be
expected.

As already mentioned, Fig. 3 also shows the results of the present
study along with modeling predictions for the same conditions as
Fig. 4. Modeling, based on the mechanism of Wang and Laskin,40,§

suggests that some of the discrepancies might in fact be caused
by different diagnostics. Specifically, the model shows τign,OH∗
occurring slightly faster than τign,CH∗ at higher temperatures (al-
though the two are nearly identical at lower temperatures). Thus,
in comparison to the Hidaka et al. data, which were measured for
1400 < T < 2050 K, it is natural that the current results would be
slightly faster, but such slight differences are nearly indiscernible
within the precision of both sets of data.

The model also reveals that τpeak,OH∗ should be the slowest of the
three times, with the difference discernable for T > 1450 K. This
information is insufficient to explain the slower peak times found by
Baker and Skinner,1 however, because they measured colder shocks
(1110 < T < 1550 K); over this temperature range, the differences
among the three characteristic times are less than 10%. The dif-
ferences with the Baker and Skinner data could also be caused by
kinetics effects at intermediate temperatures (T < 1250 K) that tend
to slow the onset of ignition.

Also noteworthy is the excellent agreement seen between the
mechanism and the experiments in Fig. 3; this suggests that the
model is valid and capable of providing valuable insight concerning
the various species measured (see the following).

OH∗ Profiles
For each data point in Table 2, there is a corresponding OH∗ time

history from the sidewall emission measurement. Summary plots are
presented in this section to provide an overview of some of the key
features and trends observed in the experiments. Each plot provides
four concentration profiles from the same mixture at four different
temperatures, and the concentrations are presented as raw voltages
to stress the relative magnitudes (because the signal seen by the
detector is linearly related to the OH∗ concentration). A calibration
for absolute OH∗ concentrations was not available in the authors’
laboratory during the time these data were taken. The four profiles
shown in each plot in Fig. 5 are from the same detector setup and
are therefore comparable.

Figure 5a presents typical profiles from the stoichiometric, less-
diluted (96% Ar) mixture 1, and Fig. 5b presents the complemen-
tary mixture 4 containing silane. A typical trend includes the in-
crease in OH∗ emission signal with temperature. Another trend is
the presence of a slight increase in OH∗ long before the main igni-

§Data available online at http://ame-www.usc.edu/research/combustion/
combustionkinetics/c2 download.html.
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Fig. 5 Typical OH∗ time histories for higher-concentration stoichio-
metric mixtures (96% Ar): a) without silane (mixture 1) and b) with
silane (mixture 4).

tion event, which becomes more noticeable at lower temperatures.
This feature occurred in mixtures both with and without SiH4. The
accelerated ignition caused by the presence of silane is also seen
when comparing profiles with similar temperatures between Figs. 5a
and 5b.

In higher-dilution φ = 1.0 mixtures (98% Ar) without and with
silane, the preignition OH∗ signal is more prominent than in the
Fig. 5 plots, but the trends are otherwise similar to those seen in
the less-diluted mixtures. The preignition OH∗ modulation was also
present in the φ = 0.5 mixtures, becoming more prominent at lower
temperatures.

Ignition Delay Times
Presented in this section are ignition delay time plots on Arrhenius

diagrams for each mixture, contrasting like mixtures with and with-
out silane. Similar plots for τpeak could also be presented, but the
results are comparable in appearance to the τign plots but larger in
magnitude and are not included for brevity. In each set of data,
the pressures are similar as seen in Table 2; however, the data dis-
played in each ignition delay time figure were adjusted to an average
pressure for all points in the mixture set. This average pressure is
displayed in each figure. The pressure dependence was taken from
the overall ignition-time correlation (see the following).

Figure 6 displays the results for the stoichiometric mixtures with
96% argon dilution (mixtures 1 and 4) at an average pressure near
1 atm. As seen in the species profiles in Fig. 5, there is a reduction
in ignition time with the addition of the silane, which for mixture 4
is 220 ppm, or about 2% of the fuel concentration. Even this small
amount of SiH4 generates a 40% reduction in τign at higher temper-
atures and a 28% reduction at a temperature near 1280 K.

Even greater reductions in τign are seen in Fig. 7 for the φ = 1.0
mixtures with 98% argon dilution (mixtures 2 and 3). There is a
53% reduction at a temperature of 1600 K and a 38% reduction near
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Fig. 6 Measured ignition delay times for higher-concentration φ= 1.0
mixtures (96% Ar) with and without silane.
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Fig. 7 Measured ignition delay times for lower-concentration φ= 1.0
mixtures (98% Ar) with and without silane.

5.5 6.0 6.5 7.0 7.5 8.0 8.5
101

102

103

 Mix 5
 Mix 6 (w/SiH

4
)

 Mix 5 Fit
 Mix 6 Fit

φ = 0.5
98% Ar

1.18 atm

τ ig
n,

 O
H

* (
µs

)

104/T (K-1)

Fig. 8 Measured ignition delay times for lower-concentration φ= 0.5
mixtures (98% Ar) with and without silane.

1300 K. Mixture 3 had a 360-ppm level of SiH4 or about 7% of
the ethylene concentration. The results of the fuel-lean experiments
(mixtures 5 and 6) are presented in Fig. 8. In this series of experi-
ments, the addition of 360 ppm silane in mixture 6 constituted about
12% of the C2H4 concentration in the mixture. This level of silane
addition resulted in a τign reduction of about 55% that was fairly con-
stant with temperature. Finally, a plot of the lower-dilution φ = 0.5
data (mixture 7) is provided as Fig. 9.

Each situation in Figs. 6–9 has a unique ignition delay time trend.
The data in each of the four log graphs at the higher temperatures
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Fig. 9 Measured ignition delay times for higher-concentration φ= 0.5
mixture (96% Ar).

appear to be linear; however, it should not be assumed that the log of
the ignition delay time is linear for all temperature regions. Special
attention should be paid to the low-temperature regions, where the
τign seems to deviate from linearity. This trend is particularly evident
for the fuel-lean data of mixture 7 in Fig. 9, where there is a clear
change in slope for temperatures less than approximately 1250 K.

Correlations of the ignition delay times in Figs. 6–9 were obtained
following the usual form for shock-tube ignition delay time data.
These correlations are displayed as solid lines for the ethylene-only
mixtures and as dashed lines for the mixtures with silane, with ex-
cellent agreement in general. The slope of each line on a ln(τign) plot
is equivalent to E/R, with E being an ignition activation energy and
R the universal gas constant. The resulting activation energies are
listed for each mixture in Table 1. They range from 20.1 kcal/mol for
mixture 7 to 28.9 kcal/mol for mixture 3. The concentration ranges
and the temperature ranges of the correlations are also provided in
Table 1.

Discussion of Results
Most previous studies of ethylene ignition were able to combine

all of the data into a master correlation based on the ignition activa-
tion energy and the component concentrations.19 In similar fashion,
the high-temperature ethylene τign data of this study (without SiH4)
can be correlated by the following:

τign = 3.3 × 10−7[C2H4]0.19[O2]−0.95[Ar]0.04 exp(26,600/RT )

In the preceding relation, the ignition time is in µs, the concentra-
tions are in mol/cm3, R is equal to 1.986 cal/mol-K, and T is the
temperature in K. The effect of argon dilution is almost negligi-
ble, and the overall pressure dependence from the concentrations
is P−0.72. Figure 10 presents a plot of the preceding correlation in
comparison with the experimental data; the r 2 is 0.96.

A similarly excellent correlation was obtained for the mixtures
containing silane (r 2 = 0.97). However, the variation in SiH4 con-
centration was relatively narrow, and so the concentration expo-
nents are not comparable to the preceding relation for mixtures
without silane. The authors feel that the correlation with silane
cannot be extrapolated much beyond the conditions of the present
study, and so the complete correlation is not presented herein. How-
ever, the ignition activation energy for the mixtures with silane (i.e.,
26.3 kcal/mol, Table 1) is realistic. This overall value for E is quite
close to that obtained without SiH4, indicating that the small addi-
tions of silane, although greatly reducing the ignition delay time, did
not appreciably change the overall ethylene chain-branching kinet-
ics at higher temperatures. These results are in contrast with the pre-
vious results from the authors’ laboratory concerning the addition of
silane to C2H2 mixtures35 but are in agreement with the results seen
in H2- and CH4-based mixtures.34 For the stoichiometric C2H2 mix-
tures, silane greatly increased the ignition activation energy (from
14.7 to 24 kcal/mol) over a similar concentration range.35
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Table 3 Survey of ignition activation energies for previous
experimental research on ethylene combustion

Other works E , kcal/mol T , K

Baker and Skinner1 34.2 1058–1876
Colket and Spadaccini3 35.0 1125–1410
Drummond6 29.5 1090–1630
Gay et al.7 24.0 1500–2300
Hidaka et al.9 27.5 1400–2100
Homer and Kistiakowsky10 17.1 1500–2300
This study 26.6 1223–1746
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Fig. 10 Overall correlation and experimental data for all mixtures
without silane.

It is useful to compare the current ethylene-only ignition activa-
tion energies with the results of previous studies. Table 3 presents
such a comparison; the wide range of activation energies in the previ-
ous studies is apparent but might be caused by the different ranges in
temperature, stoichiometry, and concentration of each study. Hence,
the established E values are not necessarily incorrect and must be
considered on a case-by-case basis. Nonetheless, the present value
of 26.6 kcal/mol agrees most closely with the results of Hidaka
et al.9 (27.5 kcal/mol). This agreement is also evident in Fig. 4.

Although a shift in kinetics at intermediate temperatures and
higher pressures from chain branching to chain termination has
been observed in H2/O2 mixtures and some hydrocarbons,34,35,38

little specific mention has been made in the literature to this effect
on C2H4 oxidation, although some of the data of previous works
do show some indication of it by inspection. However, such a shift
is clearly seen in the fuel-lean ignition data of mixture 7 (Fig. 9).
The increase in slope is apparent for temperatures less than about
1250 K for this mixture, particularly when contrasted with the slope
of the ignition delay times from the higher temperature range. Sim-
ilar effects are seen at lower temperatures in a few points from the
other mixtures, but not enough lower-temperature data are available
for these mixtures to be conclusive. The ability of chemical kinetics
models to pick up this curvature in τign data on an Arrhenius plot is
discussed in the following section.

Kinetics Modeling
The data presented herein can provide fundamental validation for

research in the area of hydrocarbon ignition and oxidation with trace
quantities of silane. Thus, the extent to which these data can serve
as useful validation is an important consideration and can first be
demonstrated by modeling the mixtures that do not contain silane.
Results from mixtures containing silane can then be compared to
the predictions of a new mechanism that includes both hydrocarbon
and silane kinetics. Many mechanisms exist for the simpler case of
CxHy oxidation, among which enough discrepancies exist to warrant
attention.

With this in mind, a number of modern, detailed chemical kinet-
ics mechanisms have been run over the range of conditions stud-

ied experimentally. Results presented are from five such mecha-
nisms, which follow: a high-temperature model of acetylene and
ethylene oxidation by Wang and Laskin40,§; two mechanisms for
higher-order hydrocarbon combustion from Lawrence Livermore
National Laboratories—one by Curran et al.41 for heptane oxidation
at high temperatures and one by Marinov et al.13 for rich, sooting
butane flames; a model of methane oxidation at lower temperatures
(700 < T < 1500 K) by Bendtsen et al.42 and Glarborg et al.43 with
additional reactions for C2Hx and NOx compounds; and finally, a
general mechanism of hydrocarbon combustion developed at the
University of California San Diego, per Li and Williams.44,¶

The choice of mechanisms was based on relevance to the exper-
imental conditions. Other mechanisms were used also, but are not
shown because they do not relate to the compounds and conditions
of interest (i.e., high-temperature oxidation of ethylene.) Two ad-
ditional mechanisms are available from Wang and Laskin,45 which
was compiled primarily for acetylene, and Ref. 21 dealing with
polycyclic-aromatic-hydrocarbon (PAH) formation. Both gave re-
sults similar to those of Ref. 40, but Wang and Laskin’s most recent
effort40 was intended specifically for high-temperature C2H2 and
C2H4 oxidation, and in general, showed the best agreement of the
three with the present experimental results. The well-known GRI-
Mech 3.0∗∗ showed fair agreement with current results, although
calculated ignition delay times were generally faster than the data,
and its predictions were similar (within an order of magnitude) to
those of the San Diego Mechanism.44,¶

All simulations were performed with the Shock routine of the
Chemkin Collection,46 and reactions for the formation and quench-
ing of OH∗ were added to enable direct comparison to the exper-
imental results. As described in Hall et al.,36 OH∗ formation was
modeled by two main pathways. The first, studied extensively in
H2O2 mixtures by Petersen et al.,47 is

H + O + M ←→ OH∗ + M (R1)

The second pathway is the primary formation step in hydrocarbon
mixtures and has been studied by Hall and Petersen48:

CH + O2
←→ OH∗ + CO (R2)

Reactions of the form49−51

OH∗ + M ←→ OH + M (R3–13)

described the collisional quenching kinetics, with H2O and Ar being
the dominant quenching molecules because of their high concentra-
tions. The complete set of reactions and their associated rate coeffi-
cients can be found in Table 4. A study to optimize these parameters
for shock-tube applications is currently underway.52 Because the
electronically excited OH∗ molecules are present in such small con-
centrations ([OH∗]max ≈ 10−9 mol/cm3 or less—about one million
times less than the concentration of its ground-state counterpart,
OH), their reactions do not affect the oxidation kinetics of the de-
tailed mechanisms, in fact, order-of-magnitude uncertainties in the
OH∗ reaction rates affect only the absolute concentration formed and
have a negligible effect on the time of OH∗ arrival. Hence, addition
of these reactions ensures that no error is introduced by inconsistent
diagnostics.

After developing a suitable model of OH∗ kinetics in the presence
of hydrocarbons, an investigation of several detailed kinetics mech-
anisms was conducted for comparison to the OH∗ measurements
presented thus far. The mechanisms are first tested quantitatively
for their ability to predict τign as a function of inverse temperature,
shown in Figs. 11–14. Then, Figs. 15–17 provide a qualitative eval-
uation of the five models in the form of species profiles, showing
predicted concentrations as functions of time. Only the ability of
the individual models to predict the results of the shock-tube ex-
periments are examined; ignition times and species profiles from

¶Data available online at http://maemail.ucsd.edu/combustion/cermech/
olderversions/.

∗∗Data available online at http://www.me.berkeley.edu/gri-mech/.
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Table 4 OH∗ submechanisma

No. Reaction A n E Source

1 H + O + M ←→ OH∗ + M 6.00 × 1014 0.0 6940 Petersen et al.47

2 CH + O2 ←→ OH∗ + CO 4.04 × 1013 0.0 0.0 Hall and Petersen48

3 OH∗ + Ar ←→ OH + Ar 2.17 × 1010 0.5 2060 Paul et al.51

4 OH∗ + H2O ←→ OH + H2O 5.92 × 1012 0.5 −861 Smith et al.49

5 OH∗ + CO2 ←→ OH + CO2 2.75 × 1012 0.0 −968 Smith et al.49

6 OH∗ + CO ←→ OH + CO 3.23 × 1012 0.5 −787 Smith et al.49

7 OH∗ + H ←→ OH + H 1.50 × 1012 0.5 0.0 Hidaka et al.50

8 OH∗ + H2 ←→ OH + H2 2.95 × 1012 0.5 −444 Smith et al.49

9 OH∗ + O2 ←→ OH + O2 2.10 × 1012 0.5 −482 Smith et al.49

10 OH∗ + O ←→ OH + O 1.50 × 1012 0.5 0.0 Hidaka et al.50

11 OH∗ + OH ←→ OH + OH 1.50 × 1012 0.5 0.0 Hidaka et al.50

12 OH∗ + CH4 ←→ OH + CH4 3.36 × 1012 0.5 −635 Smith et al.49

13 OH∗ ←→ OH + hν 1.40 × 106 0.0 0.0 Hidaka et al.50

aReactions were added to each detailed mechanism to match the experimental diagnostics. Rate coefficients are given by
k = AT n exp(−E/RT ) in cm, mol, cal units.
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Fig. 11 Ignition delay time curves by several mechanisms: low-
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Fig. 12 Ignition delay time curves by several mechanisms: high-
dilution, atmospheric pressure, stoichiometric case.

shock-tube experiments alone are not sufficient to validate a partic-
ular mechanism.

Ignition Times
In this section, modern kinetics mechanisms are tested for their

ability to predict ignition delay relative to some initial time. The pre-
cise measurement of such delays is a unique advantage of shock-tube
studies, which provide uniform heating of the test area to energy lev-
els in excess of the activation energy and do so in a manner that is
practically instantaneous. It is known that the plethora of combus-
tion intermediates whose advent characterizes the induction zone
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Fig. 13 Ignition delay time curves by several mechanisms: low-
dilution, atmospheric pressure, stoichiometric case.
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Fig. 14 Ignition delay time curves by several mechanisms: fuel-lean,
low-dilution case.

all form around the same time, and it is this time that is commonly
termed “ignition.” For this study, the intermediate of choice is the
electronically excited OH∗ whose presence was monitored in the
shock-tube experiments, so that the time to OH∗ formation charac-
terizes the mechanism’s prediction of ignition time, without regard
for the nature or extent of the combustion process.

The mechanisms are generally able to predict the activation en-
ergy of the overall reaction as can be seen from the slope of each
curve on the τign plots. Trends in variation of model from experiment
are fairly consistent across all conditions considered. Wang and
Laskin40,§ predict the experimental delay time typically within 10%,



KALITAN, HALL, AND PETERSEN 1053

200 250 300 350 400 450

0.0

0.2

0.4

0.6

0.8

1.0
Mixture 1

φ = 1.0
1276 K

3.16 atm

N
or

m
al

iz
ed

 O
H

* 
C

on
ce

nt
ra

tio
n

time (µs)

 Present Study
 Glarborg et al.
 LLNL Butane
 LLNL Heptane
 San Diego Mech.
 Wang & Laskin

a)

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0
Mixture 1

φ = 1.0
1625 K

2.79 atm

N
or

m
al

iz
ed

 O
H

* 
C

on
ce

nt
ra

tio
n

time (µs)

 Present Study
 Glarborg et al.
 LLNL Butane
 LLNL Heptane
 San Diego Mech.
 Wang & Laskin

b)

Fig. 15 Species profiles for mixture 1 (φ= 1.0, 96% Ar) near 3 atm by
several mechanisms: a) low temperature (1276 K) and b) high temper-
ature (1625 K).

showing errors of at most 50%. The San Diego Mechanism44,¶ pre-
dicts ignition that is either faster than experiment by about 30%,
or is within 10% of the experimental value, and hence within the
scatter of the data themselves. The model by Bendtsen et al.42 and
Glarborg et al.43 overpredicts the ignition delay by as much as 50%,
although, as can be seen in Figs. 12 and 14, its agreement is of-
ten closer to 25%. The Lawrence Livermore National Laboratories
(LLNL) butane mechanism13 shows error approaching a factor of 2,
and even exceeding such error in the high-temperature regime (e.g.,
Fig. 13, T > 1550 K). The error committed by the LLNL Heptane
mechanism is typically within a factor of two and is slower than the
data.

The low-temperature shift in activation energy seen in Figs. 11
and 14 is an important aspect of the kinetics and offers an interest-
ing test of the models. An upward curvature (i.e., increased acti-
vation energy) can be seen at lower temperatures (T < 1250 K) in
the predictions of Wang and Laskin and of the San Diego Mecha-
nism in Figs. 12 and 14. Although not shown here, the two other
models by Wang and Frenklach21 and Wang and Laskin45 dis-
played the curvature of Fig. 14 even better than the one shown.
This was the only case in which the models of C2H2 oxidation45

and PAH formation21 matched experimental results better than did
the C2H2/C2H4 model.40,§ The C2H2/C2H4 model was selected to
represent the three mechanisms by Wang et al. because of its supe-
rior performance on the remaining three mixtures without SiH4 and
because of its applicability to C2H4 combustion in particular.

The mechanism by Bendtsen et al.42 and Glarborg et al.43 does
not display this low-temperature shift in kinetics, at least not in
the temperature range considered in this study. This model has been
found to predict a straight-line τign curve (on an Arrhenius plot) with
the possible exception of Fig. 12, where it shows slight curvature.
One possible reason for this linear behavior is that its calibration
temperatures were on the order of 700–1300 K, which is considered
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Fig. 16 Species profiles for mixture 1 (φ= 1.0, 96% Ar) near 1 atm by
several mechanisms: a) low temperature (1357 K) and b) high temper-
ature (1621 K).

low for shock-tube studies. Hence, if such a trend were to be seen, it
could be expected in the low-temperature regime of the flow reactor
studies upon which that model was based.43 The LLNL Butane
model13 does show a greater activation energy at lower temperatures,
with an inflection point in its τign curve near 1450 K in each case.
The LLNL heptane model exhibited linear behavior over the entire
range of conditions considered. Notably, in the C2H2 case,35 where
this low-temperature shift was also observed, both mechanisms from
Lawrence Livermore National Laboratories followed the trend well,
although they were offset from the experimental curve, predicting
faster ignition.

Species Profiles
Another advantage of shock-tube studies is the constant, uniform

distribution of properties throughout the test section for the duration
of the test time (assuming a sufficiently large inner diameter). Mea-
surements of emission intensity as a function of time are directly
proportional to the concentration of the emitting species (in this case
OH∗), and these data (i.e., concentration vs time at an arbitrary point
in the test section) are comparable to the mechanism output so that
the species profile shapes can be compared directly. For compari-
son, all curves have been normalized to their maximum values and
offset to the experimental delay time to isolate the curves’ shapes.

Figure 15 shows species profiles from the stoichiometric mixture
that was tested at higher pressure for comparison to other studies.
At these pressures (about 3 atm), the models tend to display narrow
profiles compared to the data. An important feature of the kinetics
is the postignition duration of OH∗ (e.g., Fig. 15a near 500 µs).
These conditions gave rise to the continued presence of OH∗ (about
5–10% of its peak value) for at least several hundred µs after the
rapid, postpeak decrease typical of all OH∗ profiles. This trend can
be seen in the predictions of Bendtsen et al.42 and Glarborg et al.43

and the San Diego Mechanism44,¶ although they differ in magnitude.
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Fig. 17 Species profiles for mixture 7 (φ= 0.5, 96% Ar) near 1 atm by
several mechanisms: a) low temperature (1271 K) and b) high temper-
ature (1754 K).

Experimental data from both the high- and low-temperature cases
show a gradual increase in radical concentration before ignition; this
trend is also shown by the models, but not exactly.

Typical results for the stoichiometric data at near-atmospheric
pressures are shown in Fig. 16. Agreement of model with experi-
ment is good at these conditions, especially regarding the width of
the OH∗ profile. One important difference can be seen in Fig. 16a,
wherein the San Diego Mechanism44,¶ overpredicts the preignition
rise and the postignition duration. This is likely because of the low
CH concentration predicted by that model. CH is known to be the
primary precursor for OH∗ via R2, with secondary formation from
R1. Thus, with low levels of CH formed, the contribution from R1
before and after ignition is large by comparison.

For the low-temperature case (Fig. 16a) all models agree reason-
ably well. The LLNL heptane mechanism follows the data most
closely in terms of profile shape, whereas the other models show a
more gradual ignition rise. In the high-temperature case (Fig. 16b),
there is some disagreement among the mechanisms concerning the
initial rise time and the slope of the ignition curve; once again, the
LLNL heptane mechanism follows these trends most closely.

Regarding the two lean mixtures, the models predict the experi-
mental emission very well—perhaps even better than for stoichio-
metric conditions. The only major deviation can be seen in Fig. 17a,
where at low temperatures the San Diego Mechanism overpredicts
the preignition rise. This is noteworthy because the data do show
such a rise but differ in magnitude. Of particular interest is the fact
that the most of the mechanisms predict some sort of preignition
increase in OH∗, which is so prominent in the data. Although some
improvement in this area is still needed, the fact that the models
predict this behavior points to the preignition rise in OH∗ being a
kinetic phenomenon and not an artifact of the experiment. In the
fuel-lean, high-temperature cases, for example Fig. 17b, all models
reproduced the data reasonably well.

Although some important deviations have been noted, the mech-
anisms are generally able to predict the shape of the OH∗ concentra-
tion curve. This is significant at times when additional information is
needed regarding the entire combustion process besides simply the
delay time. This also suggests that the reactions added to model the
excited state radical are sufficient, although further improvements
are possible in the future, for both the OH∗ kinetics and the detailed
mechanisms.

Silane Kinetics
To elucidate the effect of silane addition on ethylene ignition as

observed experimentally, a preliminary mechanism for the ignition
of C2HX fuels in the presence of silane was assembled from the
hydrocarbon mechanism of Wang and Laskin40 and the SiH4 mech-
anism of Miller et al.53 In the stoichiometric case (mixtures 2 and
3), the model shows excellent agreement with the experimental ig-
nition times, matching the slopes of both curves as well as their
magnitude. In the fuel-lean case (mixtures 5 and 6), the new model
is again able to reproduce the reduction in ignition time caused by
silane addition and the slope of both curves. These promising results
suggest that the model contains the important oxidation pathways
and can provide additional insights regarding the mechanisms by
which small amounts of silane can significantly reduce the ignition-
delay time of ethylene mixtures. A more comprehensive study of
the silane/hydrocarbon kinetics is beyond the scope of this paper
and is presented elsewhere.54

Conclusions
Ethylene combustion is of interest because of its many applica-

tions in the combustion sciences, and the interaction of C2H4 with
silane is of particular interest for advanced-propulsion and materi-
als science applications. For these reasons, four mixtures composed
of C2H4/O2/Ar and three mixtures consisting of C2H4/O2/Ar/SiH4

were reacted behind reflected shock waves in a shock tube in the
temperature range 1115–1900 K at pressures near either 1 or 3 atm.
There were several purposes to these experiments: 1) to observe and
measure the ignition delay time behavior with and without silane
addition at elevated temperatures; 2) to establish a database of char-
acteristic times and species profiles for comparison to chemical ki-
netics models for their validation and improvement; 3) to compare
the results to previous experimental data on C2H4 ignition; and 4) to
outline by example a methodology for interpreting and analyzing
shock-tube ignition and oxidation studies.

The benefits of silane addition to C2H4 combustion were exam-
ined, and even very small amounts of silane (<10% of fuel concen-
tration) were seen to reduce the ignition delay times by as much as
50% in some cases. The overall activation energy for the higher tem-
peratures (>1250 K) was found to be 26.6 kcal/mol for the mixtures
without SiH4 and 26.3 kcal/mol for the mixtures with SiH4.

Several modern, detailed chemical kinetics mechanisms in-
cluding reactions for ethylene oxidation were compared to the
ignition-time and OH∗ time-history data for the mixtures without
silane. To obtain the best agreement with the experimental results,
a submechanism that handles the formation and quenching of elec-
tronically excited hydroxyl (OH∗) was added to each base mech-
anism because OH∗ was the species measured in the experiments.
Most mechanisms were able to reproduce the trend in ignition in
terms of its activation energy, but the Wang and Laskin model40,§

in particular was able to also match the absolute τign within (usu-
ally) 10% for the entire range of mixtures and conditions of the ex-
periment. Direct comparisons were also made to normalized OH∗

profiles with the general result being that the basic shapes of the
profiles were captured in most cases. However, some improvement
is still necessary in all mechanisms to capture some of the subtleties
in the experimental profiles for the entire data set.
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