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Ignition Delay Times of Ram Accelerator
CH,/O,/Diluent Mixtures

Eric L. Petersen,* David F. Davidson,T and Ronald K. Hansont
Stanford University, Stanford, California 94305

An experimental study was performed to determine ignition delay times for CH,/O,/diluent mixtures
and conditions relevant to forebody combustion on ram accelerator projectiles. All measurements were
performed in the reflected-shock region of a high-pressure shock tube. Temperatures from 1040 to 1600
K and pressures between 35 and 260 atm were studied, and the CH,/O,/diluent mixtures had an equiv-
alence ratio of 0.4, 3.0, or 6.0 with either N,, Ar, or He as the bath gas. Reaction progress was monitored
primarily via piezoelectric pressure transducer and visible emission. For each mixture and condition, the
ignition developed as a strong ignition front beginning at the endwall with little or no preignition defla-
gration. Ignition delay time (7,,) correlations were generated for each mixture and the entire data set;
the latter correlation indicates that ignition delay is dependent only on the fuel and oxidizer concentrations
and, therefore, not on the diluent species or concentration. At temperatures below approximately 1300
K for the fuel-rich mixtures, the Arrhenius temperature dependence of 7, changes from an average
activation energy of 32.7 kcal/mol, at higher temperatures, to approximately 19.0 kcal/mol, at lower
temperatures. The transition occurs at higher temperatures as the pressure is increased, and is indicative

of a shift in chain-branching kinetics between the high- and intermediate-temperature regimes.

Introduction

INCE its inception nearly 10 years ago,' the ram acceler-

ator concept has been the subject of active research. The
overall performance and stability of the device,”* the aerody-
namic design of the projectile,' ® and the gasdynamic prop-
erties of the propellant mixture®’ have received particular at-
tention. The ultimate goal is to successfully accelerate
projectiles to ultrahigh velocities (1—12 km/s).! The ram ac-
celerator projectile is injected by various means, at supersonic
speeds, into the high-pressure (10— 100 atm) combustible mix-
ture. Shock waves formed between the projectile body and the
tube walls lead to ram compression, shock-induced combus-
tion, and thrust. A review of the possible gasdynamic operating
ref,:ismes of the ram accelerator can be found in Hertzberg et
al.”

The gaseous propellant is typically a rich (¢ = 2.0-6.0)
mixture of hydrocarbon fuel or hydrogen, molecular oxygen,
and a bath gas such as nitrogen, helium, or carbon dioxide. Of
the possible fuels, CH, is used most often and will be empha-
sized in the present study. For example, the University of
Washingtons'7 has utilized mixtures such as 2.8CH, + 20, +
5.8N, and 4.5CH; + 20, + 3.9He, and the standard Army
Research Laboratory (ARL) mixture’ is currently 3CH, + 20,
+ 10N,. These propellant combinations contain a relatively
low diluent concentration and are tailored to provide a desired
Chapman—Jouguet (CJ) detonation velocity, sound speed, and
heat release. Recent studies have also been performed with a
fuel-lean (¢ = 0.4) 0.4CH, + 20, + 8N, mixture.'®"

In the ideal scenario, all heat release occurs downstream of
the oblique shock/detonation located near the projectile mid-
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section. Equilibrium chemistry is generally assumed when
evaluating and predicting one-dimensional ram accelerator
performance, so most studies to date have placed less impor-
tance on the chemical kinetics of the propellant combination.
However, Nusca and Kruczynski' recently emphasized the
role of ignition delay time on the generation of adequate thrust
levels. It was noted that compression of the gas downstream
of the bow shock can precipitate premature combustion on the
projectile forebody, where temperatures as high as 1300 K are
expected. Forebody combustion has been witnessed experi-
mentally,”” and leads to a negative thrust component and pos-
sible unstart."> The abrupt deceleration resulting from unstart
is often experienced during tests in the superdetonative regime,
sometimes leading to catastrophic failure of the projectile."
An ideal ram accelerator mixture should therefore have a long
enough ignition delay time to prevent forebody combustion.
To properly design such a configuration, a priori knowledge
of the mixture’s ignition delay time characteristics is essential.
Such information is of increasing importance to numerical
modelers who are beginning to incorporate finite rate
Chemistry.“'n‘ls_ls

Many experimental and analytical studies have been per-
formed on the ignition and oxidation of methane, mostly at
pressures near or below 1 atm and at temperatures above 1400
K. Ignition times covering a large range of conditions have
been measured in low-pressure shock tubes, and the associated
detailed kinetics models of low-pressure methane oxidation
now include well over 100 reactions.'”* Spadaccini and
Colket* give a thorough review of earlier CH, ignition inves-
tigations. In a recent study conducted in our laboratory,”” meth-
ane oxidation data at higher pressures were obtained in the
form of species profiles and ignition delay times. The data
cover a wide range of pressure (10-480 atm), temperature
(1400-2000 K), equivalence ratio (0.5-4.0), and argon dilu-
tion (=90%), and the experimental results compare favorably
with calculations using a modern chemical kinetics model.”

Nonetheless, ram accelerator ignition differs from previous
ignition time studies in several ways: 1) the forebody region
sees postshock pressures near 100 atm or more; 2) the mixtures
are predominately fuel-rich (¢ = 2.0-6.0), where the kinetics
are less known®*?*; 3) at the temperatures of interest to fore-
body combustion (<1400 K), ignition occurs in an intermedi-
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ate-temperature, high-pressure regime where no CH,/O, igni-
tion data exist”; and 4) the diluent gas is comprised of
comparatively low levels (<70%) of N,, He, CO,, or even H,,
whereas most ignition and kinetics data have been measured
in highly dilute argon baths. Hence, ram accelerator combus-
tion-occurs in a region where ignition data are scarce and the
kinetics are poorly known.**

With the goal of providing the desired information on ram
accelerator ignition chemistry, ignition-delay measurements
were performed in our High Pressure Shock Tube Laboratory
for a variety of propellant combinations. This paper presents
the experimental results of the investigation. The details of the
experimental apparatus and procedure are described, followed
by the ignition delay time results and interpretation. Although
the mixtures explored herein are based on those used at ARL,
the results are applicable to similar ram accelerator mixtures
employed elsewhere. The data and analyses presented herein
supersede the earlier work of Petersen et al.**?¢

Experiment
Apparatus

All ignition delay times were measured in the reflected-
shock region of a 5-cm-diam, helium-driven shock tube. Pre-
scored steel or aluminum diaphragms of various thickness (1
—5 mm) were utilized, and the tube was operated in both the
single- and double-diaphragm modes. Test pressures as high
as 1000 atm are achievable in this facility. Four time-interval
readings (using 5 PCB 113A pressure transducers and 4 Fluke
PM6666 counters) were used to determine the velocity profile
of the incident shock wave. Attenuation of the incident shock
was typically 2—3%/m near the endwall. Further details of the
shock tube are presented elsewhere.”

Various measurement techniques were employed throughout
the investigation to monitor the reaction progress. Measure-
ments included 1) pressure (PCB 113A), 2) infrared (IR) emis-
sion near 3.3 um, 3) visible emission (Si photodiode), and 4)
laser extinction (He—Ne at 632.8 nm). The 3.3-um emission
was from the initial methane present in the mixture (v; fun-
damental vibration), higher hydrocarbons formed during re-
action, and the spectrally broad emission from soot; the visible
emission contribution came mostly from soot luminosity, CH
(431 nm), and C, (517 nm); and the laser light extinction was
caused by the formation of hydrocarbon particles (soot) and/
or increased density i.e., refractive index, fluctuations from the
reaction zone behind the reflected shock wave. The presence
of CH was verified in selected experiments via interference
filters. Of the preceding methods, the pressure transducer was
always used, and visible emission was the optical technique
most often applied.

Figure 1 displays sample pressure traces and illustrates the
definition of ignition delay time. The ignition times derived
from the optical diagnostics always agreed with the pressure-
derived ones to within a few percent; further comparisons be-
tween the pressure and emission measurements are provided
next. For most experiments, the measurement ports were lo-
cated 20 mm from the endwall, although selected pressure
measurements were also performed at the endwall.

The mixtures were based on recent ram accelerator tests
performed at ARL.”® In addition to N, and He as diluents,
argon was also used in the present study to 1) explore the
effect of bath gas on ignition delay time; 2) enable compari-
sons with the large amount of CH,/O,/Ar data available; and
3) because argon is the preferred shock-tube driven gas (higher
Ps for a given driver pressure, longer test time, and fewer
nonideal gasdynamic effects). Table 1 provides a list of the
propellant mixtures. Each was prepared in aluminum cylinders
using partial pressures. The purity of the Matheson N, and He
were 99.99 and 99.995%, respectively, and the argon was an
ultra high purity (UHP) grade (99.999%). The oxygen was
99.996%, and the UHP methane was 99.97% pure. While most
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Fig. 1 Sample pressure and visible emission traces showing def-
inition of ignition delay time and the reflected-shock bifurcation.
tc is the time of normal reflected-shock passage, and ¢, is the time
of arrival of the ignition front: a) 3CH, + 20, + 10Ar, 1179 K,
106 atm and b) 3CH, + 20, + 10N,, 1334 K, 76 atm.

of the Table 1 mixtures are very fuel-rich (¢ = 3), one fuel-
lean mixture was also studied (mixture 1, ¢ = 0.4).

Procedure

Because impurities (particularly higher hydrocarbons) are
known to drastically decrease the ignition delay time of CH,/
O, mixtures,”"” care was taken during the experiments to min-
imize their presence. The bottled methane contained fewer
than 300 ppm total impurities, and so the Table 1 mixtures
contained much less than 100 ppm of higher hydrocarbons or
H,O. However, the ram accelerator mixtures produced notice-
able amounts of soot and liquid hydrocarbons at reflected-
shock conditions, and early tests found this residue to accel-
erate the ignition delay time of the following run. Therefore,
the inner surfaces of the shock tube were wiped cleaned with
acetone after each experiment. As standard procedure, the
driven section was turbomolecular pumped below 10™ torr be-
fore each run.

Reflected Shock Prbperties

The conditions behind the reflected shock wave were deter-
mined from the incident-shock velocity (extrapolated to the
endwall) using the one-dimensional shock relations and the
Sandia thermodynamic database. Because of the high pressures
encountered, the real-gas correction data of Schmitt and But-
ler and the Peng—Robinson equation of state (EOS) were
applied to the reflected-shock calculations per the method of
Davidson and Hanson.”* Recent experiments have shown that
the Peng—Robinson EOS adequately models the real-gas prop-
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Table 1 Mixtures investigated and ignition delay time correlations

High-temperature correlation®

Low-temperature correlation®

Number Mixture A E, kcal/mol A x E, kcal/mol
1 0.4CH, + 20, + 8Ar 8.62 X 107% -0.87 27.8 _ —_— —_

2 3CH, + 20, + 10N, 734 X 1077 -1.23 40.6 1.31 X 107" —-1.67 194

3 3CH, + 20, + 10Ar Same as above Same as above

4 3CH, + 20, + 6N, 1.20 X 107®  —1.29 30.6 411 X 1072  —-1.74 19.7

5 3CH, + 20, + 6Ar Same as above Same as above

6 6CH, + 20, + 4He 3.07 X 107" —1.46 37.5 °

7 3CH, + 20, + 4N, + 8He 6.76 X 107" -1.22 34.5 ®

Correlation is of the form: Tiga = AIM Y exp(E/RT), where [M] = P/RT in mol/cm’. PFew data were taken in low-temperature regime.

erties of argon at relevant shock-tube pressures and tempera-
tures.”> However, for the extreme conditions of this investi-
gation (260 atm, 1300 K), the temperature and pressure
predictions are only 3 K and 1.5 atm lower, respectively, than
those obtained assuming an ideal gas. Thus, the reflected-shock
temperatures (7s) calculated in the present study are not ex-
pected to be sensitive to the specific real-gas EOS.

Using the procedure outlined in the preceding text, the over-
all error in the initial value of T is approximately 5 K. How-
ever, shock attenuation causes 75 and Ps to increase slightly
with time.* This nonideal effect was minimized by keeping
most ignition delay times below 400 us, where the estimated
average T error over the entire induction period was less than
15 K. Further details on reflected-shock temperatures in the
Stanford High Pressure Shock Tube are provided by Petersen.**

Because the Table 1 ram accelerator mixtures contained
large percentages of di- and polyatomic gases, nonideal gas-
dynamic effects were encountered. Their impact was felt
through bifurcation of the reflected shock wave, which rou-
tinely occurs in shock tubes with polyatomic test gases.” The
reflected shock wave forms a bifurcated foot when interacting
with an incident-wave boundary layer whose total pressure is
too low to allow passage through a normal shock wave. As
seen in Fig. 1b, the bifurcation produces a double rise in the
sidewall pressure, obscuring the arrival of the main reflected
shock. The time of normal shock wave passage, f., was cal-
culated from the sidewall pressure measurement using the pro-
cedure outlined in Refs. 34 and 36. In brief, time zero was
defined as the time of arrival of the normal portion of the
reflected shock wave. This time was obtained from a combi-
nation of 1) features in the measured pressure trace; 2) a cor-
relation of measured bifurcation step height, obtained for a
wide range of test-gas specific heat ratios and molecular
weights; and 3) one-dimensional gasdynamic theory.

Strong Ignition

When a highly exothermic reaction occurs in the stagnation
region behind a reflected shock wave, the ensuing adiabatic
explosion generates a blast wave that propagates from the end-
wall. The resulting detonation-like structure, commonly re-
ferred to as strong ignition, was first examined by the authors
of Refs. 37-41 in H,/O,-based mixtures. The definitions of
strong and weak ignition were experimentally redefined using
H,/0,-,*~* hydrocarbon- (n-heptane and iso-octane),*® and
CH,/0,-based*’~* mixtures. Analytical studies were conducted
by Cohen et al.,*® Oran et al.,”* and Oran and Boris.”

Weak, or mild, ignition is characterized by the appearance
of distinct deflagration zones behind the reflected shock wave,
accompanied by a very mild, if any, pressure rise.****** These
localized, inhomogeneous flame kernels are suspected to orig-
inate from nonuniformities and/or disturbances in the flow,
such as turbulence or diaphragm fragments. Conversely, strong
ignition corresponds to the near-sudden appearance of a shock
or blast wave starting at the endwall.***** This blast wave
exhibits the characteristics of a detonation, wherein a shock
wave is driven by a flame front. Flow visualization of the
process shows that strong ignition tends to occur at the endwall
nearly homogeneously across the entire shock-tube cross sec-

tion, accompanied by an often sharp increase in pressure. The
demarcation between weak and strong ignition depends pri-
marily on the initial temperature and the exothermicity of the
mixture,***

More recently, reflected-shock ignition tests were performed
at pressures up to 49 atm for hydrocarbon mixtures of interest
in internal combustion engine research.”®~** This further re-
finement of strong ignition, particularly at high pressure, is of
direct significance to the experiments herein. Using a combi-
nation of pressure, CH emission (431 nm), and schlieren pho-
tographs, several distinct phases of strong and mild ignition
were identified and found to depend strongly on the temper-
ature and the specific fuel under consideration. In general, mild
ignition was observed to occur at the lowest temperatures and
is evident by a very gradual, smooth increase in pressure and
visible emission.>**’ At higher temperatures, a transition to det-
onation was observed, indicating strong ignition.>*** Dramatic
pressure spikes and oscillations, much like what is shown in
Fig. 1a, normally accompany strong ignition.

However, the schlieren measurements of Pfahl et al.”” and
Fieweger et al.*® clearly show the presence of inhomogeneous
flame kernels in certain tests prior to the blast wave-induced -
pressure spikes. This predetonative deflagration phase is evi-
dent in the CH emission traces, but is only accompanied by a
noticeable pressure increase for certain fuels and conditions.
It was concluded that, as long as the deflagration does not
produce a significant pressure rise, the time of arrival of the
detonation wave corresponds to the ignition time obtained by
assuming a spatially homogeneous reaction zone.>”~

For most mixtures and conditions herein, the visible emis-
sion measurements showed no sign of significant predetonation
deflagration, and the pressure traces demonstrated no signifi-
cant pressure increase prior to arrival of the blast/detonation
structure (see Fig. la). Hence, the assumption herein is that
the ignition delay times correspond to a homogeneous reaction
starting at the endwall (although the possibility of inhomogen-
ieties influencing the ignition process cannot be completely
ruled out).

Unfortunately, the moving blast wave affects the interpre-
tation of 7, measurements when they are conducted from a
sidewall location. An x-¢ diagram of the strong ignition process
is given in Fig. 2. Ignition occurs first near the endwall at time
tp after shock-wave reflection, whereupon the blast wave trav-
els at speed V., away from the endwall and passes the mea-
surement location at time #,. The true ignition delay time (rel-
ative to the endwall) can be calculated using

Tign =Ip — tp = (tr — 1) + I(U/Vr — 1/V}y) H
where [ is the distance from the endwall to the measurement
location, V4 is the reflected-shock velocity, Vi, is the blast-
wave velocity, and the times are as defined in Fig. 1. Note that
the first term on the right-hand side (1 — 1¢), is the ignition
delay time with respect to the test port, while the second term
is the gasdynamic correction back to the endwall. The times
tr and 1 are taken directly from the pressure trace, and Vj,, is
assumed to be either the CJ speed (V) of the postshock gases
(for most mixtures) or an intermediate speed between V¢; and
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Fig. 2 Schematic (x-f) diagram illustrating the formation and
propagation of a blast wave starting at the endwall. The ignition
delay time is relative to the endwall (t, — #5).

the local speed of sound, as (for the N,-based mixture 2). Sep-
arate measurements were performed using a pressure trans-
ducer in both the endwall and sidewall (! = 10 mm) to confirm
the blast wave correction procedure.

Approximately 30% of the ignition measurements were per-
formed at the endwall, and so 70% of the measurements were
obtained exclusively from the sidewall. Because the majority
of the ignition measurements were performed at the / = 20-
mm position, the typical blast wave correction was on the or-
der of 20-45 us, depending on the composition of the mix-
ture. The accuracy of the correction at / = 20 mm was
estimated at =5 us.* When overlapping endwall and cor-
rected-sidewall data were available, good agreement between
the sidewall and endwall measurements was seen, supporting
the use of Eq. (1) to correct the sidewall values. Further dis-
cussion on the experimental results is provided in Petersen.*

Given the inherent inaccuracies in 1) obtaining ignition de-
lay times in general, 2) defining time zero caused by bifurca-
tion of the reflected shock wave, and 3) assuming a certain
Vien for the blast wave correction, the overall uncertainty in T,
is estimated at =10 us.

Experimental Results

A listing of all 7, data is provided in Table 2. The results
in Table 2 are grouped by mixture and similar pressure and
contain the 7., derived via both pressure and emission diag-
nostics. Next are the analyses and interpretations of each mix-
ture and the resulting ignition delay time correlations.

Baseline Mixtures

Ignition delay times of the standard ARL mixture (3CH,
+20, +10X, X = N,, Ar), i.e., mixtures 2 and 3 of Table 1,
were measured over a range of temperatures from 1175 to
1540 K and pressures between 35 and 260 atm. These tem-
peratures and pressures are representative of ram accelerator
forebody conditions under realistic fill pressures. Because the
3CH, + 20, + 10N, (mixture 3) combination is the baseline
against which the ARL propellant combinations are compared,
more experiments were devoted toward its characterization
than to the other Table 1 mixtures. Typical pressure and emis-
sion traces for the baseline mixtures are provided in Figs. la
and 1b. By comparing the available emission data with the
pressure information, no preignition deflagration was observed
for the baseline mixtures. Figure 3a contains the experimental
Tiga Tesults. Slight pressure adjustments, using the correlated
dependence described next, were made to better display the
data on lines of constant pressure.

Three conclusions are evident from the Fig. 3a ignition-time
plot. First, the ignition delay times decrease with increasing

pressure, as expected. Second, there is no discernible differ-
ence between the N,- and Ar-based results. This observation
implies the baseline ignition times may be independent of the
diluent gas type. Similar results were observed in previous
shock-tube studies of methane ignition.”>*>* Finally, the slope
at lower temperatures is noticeably different from the slope at
elevated temperatures. The observed shift occurs at higher
temperatures as the pressure increases per the approximate re-
lation: T, = 1266 + 0.29P, with the transition temperature, T,
in K and the pressure, P, in atm. For example, the transition
is near 1290 K at 85 atm and 1315 K at 170 atm.

All of the baseline-mixture data of Fig. 3a could be corre-
lated using an Arrhenius expression of the form

Tign = AIMT exp(E/RT) @)

where 7, is the ignition delay time in seconds; [M] is the total
concentration in mol/cm’, i.e., P/RT; E is an activation energy
in kcal/mol; R is the universal gas constant {0.001987 kcal/
mol-K in Eq. (2), 82.06 cm®-atm/mol-K in [M]}; and T is the
temperature in K. Separate correlations were required for the
high- and low-temperature regions. The Eq. (2) constants are
provided in Table 1, and the results are displayed in Fig. 3b.
As seen in Fig. 3b, the correlations are very good, with the
high-temperature fit having a statistical regression coefficient,
r?, of 0.982. The low-temperature fit has r* = 0.986.

Comparisons between the two temperature regimes stress
differences between the pressure dependence and the activa-
tion energy. The pressure dependence comes from the expo-
nent of [M], where the high-temperature data are proportional
to P~"* and the low-temperature data vary as P~"%". As evi-
dent from the data in Fig. 3a, the activation energy at higher
ram accelerator temperatures (40.6 kcal/mol) is a factor of 2
larger than at lower temperatures (19.4 kcal/mol). Such a shift
in temperature dependence can have drastic effects on pre-
dicted ignition times if the high-temperature correlation is mis-
takenly extrapolated below the transition temperature. For ex-
ample, at 100 atm and 1150 K, the baseline ignition delay time
should be 590 us; if the high-temperature relation were used,
a time of 1.8 ms would be predicted, a factor of 3 too high.
Knowledge of the temperature/ignition-time relationship in
both temperature zones is crucial for the ram accelerator be-
cause the expected forebody ignition temperature (<1400 K)"
can fall in either regime.

High-Concentration Mixtures

The high-concentration mixtures (3CH, + 20, + 6X, X =
N,, Ar), i.e., mixtures 4 and 5 in Table 1, have the same stoi-
chiometry (¢ = 3.0) as the baseline mixtures, but a higher
concentration of fuel and oxidizer and, therefore, less diluent.
Temperatures between 1040 and 1370 K and pressures from
45 to 190 atm were considered. No mixture 4 or 5 experiment
displayed any visible emission or pressure increase prior to f,
indicating the absence of a significant inhomogeneous defla-
gration phase prior to strong ignition.

Presented in the Fig. 4a Arrhenius diagram are the 7, results
for mixtures 4 and 5; the complete listings are provided in
Table 2. As seen in the baseline results, the high-concentration
data in Fig. 4a show a distinct slope change between the high-
and low-temperature regions. The transition temperature varies
approximately with pressure as 7, = 1216 + 0.42P.

Figure 4b displays the correlated ignition time data in the
form of Eq. (2), and Table 1 lists the best-fit correlation pa-
rameters. The regression coefficients for the high- and low-
temperature relations are 0.993 and 0.981, respectively. In gen-
eral, the results and trends are similar to those observed for
the baseline mixtures. The high-temperature activation energy
(30.6 kcal/mol), however, is lower than the analogous high-
temperature baseline activation energy (40.6 kcal/mol), most
likely because of the lower range of temperatures tested for
mixtures 4 and 5. '
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Table 2 Experimental ignition delay time data

Mixture P, atm T,K Tigns IS Tomisr® IS
1 50
50.5, 50, 49, 1203, 1232, 1268, 694, 555, 406, 689 (236°), 565 (189°), ——,
44.4, 489, 47.3 1285, 1319, 1359 415, 261, 206 407 (171°), 273 (130°), 202 (115%
1 100
100.9, 98.8, 96.2, 94.7, 1137, 1169, 1198, 1207, 661, 541, 440, 392, — . 532 (200, —
98.2, 100, 94.5, 94.7 1268, 1292, 1312, 1361 241, 191, 169, 114 239 (96°), 188 (98°), 161, 108
1 150
161.2, 150.8 1198, 1250 253, 177 244 (107°), 175 (95%
2 40
39.8, 47.5, 38.4, 1325, 1346, 1383, 654, 361,% 391, -
34.5, 35.6 1431, 1536 250, 102 S —
2 85
91, 80.9, 77.7, 1167, 1196, 1203, 572, 681, 622, 563, ——, 607,
83, 91.8, 92.9 1206, 1363, 1418 541, 152,° 95° 541, — ——
2 115
106, 132.2, 102.8, 1179, 1182, 1182, 414, 280, 419, 415, 274, 419,
114, 114.4, 120 1156, 1244, 1380 421, 254, 77 430, 260, 71
2 170
178.4, 163, 164 1209, 1254, 1372 170, 157, 71 S —
2 260
262.5, 263.6, 256.2 1176, 1239, 1301 98, 70, 55 _— —
3 40
473, 41.4,36.7, 433, 48.2, 1358, 1362, 1381, 1402, 1409, 327, 360, 425, 265, 214, —of — ' — —
422,404, 39.5, 44.3,393 1414, 1418, 1454, 1486, 1511 238, 234, 182, 115, 106 ~ —f — o — o —
3 75
72.1, 76.1, 74, 1290, 1334, 1366, 431, 259, 194, 416,° ,—
76.5, 75.7 1408, 1466 124, 74 112° 74°
3 85
92, 86.9, 84.1, 1227, 1273, 1316, 504, 445,% 330,° 508, 468, 344,
85, 84.4 1390, 1437 152,% 80° 163, 86
3 115
113, 116.8, 1149, 1238, 533, 282,¢ 537, ——,
103.1, 117.4 1286, 1323 233,% 155¢ S —
3 140
145, 139.6, 1186, 1216, 261,° 227,° _—
148.2, 134.9 1293, 1317 130,% 135¢ S —
4 50
51.5, 46.6, 44.9 1191, 1265, 1362 847, 530, 221 854, 530, 230
4 65
71.3, 64.3, 60.4 1215, 1283, 1346 411,% 288,% 190* -
4 130
125.5, 128 1089, 1156 331, 231 338, 231
5 55
55.3, 54.4, 59.6 1196, 1258, 1371 738, 453, 151 742, 453 ——
5 85
86.6, 82.8 1242, 1272 228, 200 2327 195°
5 130
128.4, 139.9, 138.5, 122.8, 1041, 1138, 1186, 1249, 433,°194,% 182,% 142.,° - ——, 186, ——,
133, 136, 129.7 1250, 1304, 1327 118,% 89,7 81¢ [
5 180
176.6, 188.7, 1150, 1230, 120, 71, 11, —,
194, 169.7 1235, 1268 67, 72 S
6 15
20.3, 13.8, 18.6, 1453, 1520, 1523, 4665 420, 333 2 S —
13.8, 15.2, 12 1529, 1548, 1607 391,% 345,% 2658 S
6 55
572,512 1456, 1547 86, 58 82, 58
6 70
79, 72.8, 68.4 1324, 1367, 1395 185, 135, 111 187, 138, 105
6 90
90.7, 91.3, 81.6 1128, 1203, 1290 332, 315, 249 334, 297, 241
7 30
35.5, 29.5, 1272, 1338, 875, 591, ——, 651 (557,
28.9, 27 1398, 1458 418, 260 425, 269
7 50
495, 47.1 1342, 1469 379, 149 399, 151 (44°)
7 60
57.2, 61.5, 60.5 1296, 1366, 1391 529, 181,% 152¢ 572, 180, 151
7 75
76.4 1347 233 233
7 100
92.5, 106.6 1340, 1358 128, 111 128, 111

N - b . . X N N
“Based on sidewall pressure measurement, unless otherwise noted. Based on visible emission (Si photodiode), unless otherwise noted. “Onset of deflagra-
EHeNe laser extinction measurement.

tion.

Endwall pressure measurement.

°CH, emission (3.3 pm).

CH emission (431 nm).
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Fig. 3 Baseline mixture results 3CH, + 20, + 10X; X = N,,
Ar): a) baseline mixture ignition delay times and b) baseline mix-
ture correlations. Left axis: high-temperature correlation (* =
0.982); right axis: low-temperature correlation (r* = 0.986).

Helium-Based Mixture

A limited number of measurements were performed with the
6CH, + 20,+ 4He mixture (mixture 6, Table 1). This pro-
pellant combination differs from the baseline case in its stoi-
chiometry (¢ = 6.0), bath gas (helium), and higher concentra-
tion of fuel and oxidizer. The comparatively low molecular
weight of the helium-based mixture limited the achievable
shock-tube test pressure and test time. Nevertheless, pressures
from 12 to 90 atm and temperatures between 1130 and 1600
K were attained. No preignition emission was evident in the
helium-based tests, indicating no significant deflagration phase
prior to tp.

Most data fell into the high-temperature ignition regime, al-
though two points were clearly in the low-temperature zone.
Figure 5 presents the subsequent correlation of the higher tem-
perature data (r* = 0.983). Table 1 contains the correlation
parameters. The resulting pressure dependence (P~'*°) and ac-
tivation energy (37.5 kcal/mol) are similar to the other fuel-
rich mixtures in Table 1.

Helium - Nitrogen Mixture

Twelve experiments were performed with mixture 7, which
contained a combination of both N, and He as the diluent, i.e.,
3CH, + 20, + 4N, + 8He. The data for this mixture fell
exclusively in the higher temperature regime, covering tem-

[ X=Ar,50atm Ar, 130
B N, 55 N,, 130
Ar, 65 @ N, 180
N, 85 ——— High T Eqn
----LowTEgn

72 76 80 84 88 92 96

a) 104T (K1)
] -18.0
-16-81 1{-18.4
-17.24 ~-18.8
] 1102 5
S -17.6 4 106 g.ﬂ
= 180- S_.
E 4-200 %
-184- 4-204
-18.8-] 4-20.8
72 76
b) 104/T (K-1)

Fig. 4 High-concentration mixture results 3CH, + 20, + 6X;
X = N;, Ar): a) high-concentration mixture ignition delay times
and b) high-concentration mixture correlations. Left axis: high-
temperature correlation (> = 0.993); right axis: low-temperature
correlation (r* = 0.981).

-18.5

4
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-21.04

In(5, M 146)

215

1
-22.0

60 64 68 72 76 80
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Fig. 5 Helium-based mixture (6CH, + 20, + 4He) ignition delay
times and high-temperature correlation (> = 0.983).

peratures from 1272 to 1469 K and pressures from 27 to 107
atm. Table 2 lists the individual data points.

Although the occurrence of strong ignition was evident in
all pressure traces, some visible emission traces displayed a
slight increase prior to arrival of the detonation/blast wave,
signifying a mild deflagration phase.”® However, the pressure
exhibited only a slight, if any, increase prior to time . There-
fore, 7,, was assumed to correspond with the arrival of the
blast wave per a homogeneous reaction assumption, as in Pfahl
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et al.”’” and Fieweger et al.,”® for high-pressure hydrocarbon

ignition.

The mixture 7 ignition delay time data were well-correlated
per Eq. (2) with the constants provided in Table 1. A —1.22
pressure dependence and a 34.4-kcal/mol activation energy re-
sulted. The correlated data are displayed in Fig. 6 (r* = 0.953).
Because no experiments below 1272 K were performed, a low-
temperature correlation was not obtained for the He—N, mix-
ture.

Fuel-Lean Mixture

A total of 16 experiments were performed to determine the
ignition delay time characteristics of the 0.4CH, + 20, + 8Ar
mixture (mixture 1, Table 1). Temperatures between 1135 and
1360 K and pressures from 44 to 160 atm were covered. Typ-
ical pressure and emission data are shown in Fig. 7, wherein
weak ignition is evident in the fuel-lean emission trace prior
to arrival of the detonation wave. This deflagration phase be-
gins at time 7,4, as defined in Fig. 7, and was evident for most
mixture 1 experiments that utilized the emission diagnostic.
However, no significant pressure increase was observed during
any of the deflagration phases, so that 7,,, was defined for each
mixture 1 measurement as the time of arrival of the blast wave
at the test port, per Eq. (1) and Fig. 7, i.e., at time #..

The ignition-time results are displayed in the Arrhenius plot
of Fig. 8a. Unlike the fuel-rich mixtures presented earlier, the
fuel-lean results did not show a change in temperature depen-
dence at lower temperatures (for the range of conditions stud-
ied). A single correlation of the ignition delay times for the
entire range of temperatures (1135-1360 K) is given in Table
1 and has an overall activation energy of 27.8 kcal/mol and a
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g ]
= 75-
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-18.0+

-18.5+

66 68 70 72 74 76 18 80
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Fig. 6 He-N,-based mixture 3CH, + 20, + 4N, + 8He) ignition
delay times and high-temperature correlation (r* = 0.953).
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Fig. 7 Typical pressure and visible emission data for the fuel-

lean mixture (mixture 1, Table 1). A deflagration phase is evident
in the emission trace; 1319 K, 49 atm.
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Fig. 8 Fuel-lean mixture results (0.4CH, + 20, + 8Ar): a) fuel-
lean ignition delay times and b) fuel-lean mixture correlation (r*
= 0.994).

pressure dependence of only —0.87. The coefficient of multi-
ple determination r* is greater than 0.99. Figure 8b displays
the correlated data.

Discussion

A comparison of the ignition delay times for each mixture
results in the observation that the baseline (mixture 3), fuel-
lean (mixture 1), and He—N,-based (mixture 7) mixtures pro-
duced ignition delay times that are nearly a factor of 2 longer
than the 7, obtained for the less-dilute mixtures, i.e., mixtures
4-6. Of more general utility, though, is the fact that the entire
data set can be well correlated by two expressions, one for
each temperature regime. Such relations are useful for extrap-
olation to other propellant combinations. The subsequent high-
temperature correlation (> = 0.948) is

Tign = 1.26 X 107"“[CH,] *?[0,]'* exp(32,700/RT)  (3)

and the corresponding low-temperature expression (r* = 0.982)
is

Tign = 4.99 X 107"*[CH,]™**[0,]7"*" exp(18,950/RT) (4)

The empirical transition temperature between the two regimes
is given approximately by

T, = 1347 + 0.34P — 665X, )

In the preceding equations, 7, is the ignition delay time in
seconds, [A] is the concentration of species A in mol/cm®, R
is the universal gas constant in cal/mol-K, P is the pressure in
atm, Xo, is the oxygen mole fraction, and the temperatures (7,
T.) are in Kelvin. Equation (4) comprises all of the lower
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temperature data except for those obtained with the fuel-lean
mixture. Attempts to correlate the low-temperature (<1300 K),
fuel-lean data with the low-temperature, fuel-rich data were
not successful, indicating the chemistry of the fuel-lean mix-
ture differs from that of the fuel-rich ones at lower tempera-
tures. This result is not surprising, as no accelerated tempera-
ture dependence was observed for mixture 1 (Fig. 8a). The
lower temperature mixture 1 data are included in the higher
temperature correlation of Eq. (3).

Figure 9 displays the overall data correlations. As shown,
most ignition times are represented by Egs. (3) and (4) to better
than 25%. The high-temperature correlation [Eq. (3)], is vir-
tually independent of the amount of methane present, and the
overall pressure dependence of Eqgs. (3) and (4) are the same
as the individual mixture correlations in Table 1 (= —1.2 and
—1.7, respectively). Also evident in Egs. (3) and (4) and Fig.
9 is the relative insensitivity of the measured ignition delay
time to the type and amount of diluent for the entire range of
gases and conditions considered. Equations (3) and (4) are
intended for T, estimates of mixtures not tested herein; i.e.,
the individual correlations [Eq. (2), Table 1] should still be
utilized when estimating ignition delay times for the Table 1
mixtures.

Equation (5) is based on only eight T\, data points from Figs.
3a and 4a, and the oxygen mole fraction term incorporates the
single T, point from the 3CH, + 20, + 4He data; extrapo-
lation of this simple relation much beyond an equivalence ratio
of 3.0 is cautioned. However, the actual transition between the
low- and high-temperature regimes is in fact more gradual than
suggested by the T, of Eq. (5). Most important, however, is
the range of temperatures in which to expect the transition. For
the mixture compositions and pressures (50—250 atm) of in-
terest, the transition temperature resides between 1240 and
1340 K.
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Fig. 9 Overall ignition delay time correlations: a) high-temper-
ature correlation (> = 0.948) and b) low-temperature correlation
* = 0.982).

Perhaps the most significant observation in the present study
is the sudden change in the temperature dependence of 7,, at
low temperatures and high pressures (Figs. 3, 4, and 9). A
similar shift is routinely seen in higher-order hydrocarbons
(C;+) under engine-like conditions.’*®" A few studies demon-
strating low-temperature 7, transitions in smaller hydrocar-
bons were found in the literature. Skinner and Ruehrwein®
report 6-atm, ¢ = 3 methane ignition time data in tabular form
that contain a transition near 1250 K, but no mention of it was
made in their paper. Asaba et al.”’ present ¢ = 2, CH,/O,
ignition delay times at 7 atm that clearly display a transition
between 1250 and 1400 K, but they incorrectly attribute the
deviation to data scatter. The low-temperature, C,H,/O,/Ar
shock-tube data of Suzuki et al.** show a similar change in
slope near 1100 K for stoichiometries ranging from fuel-lean
to fuel-rich. Finally, the low-pressure propane oxidation data
of Myers and Bartle® have distinct transitions near 1250 K for
¢ = 0.1-1.5. No explanation of the transition zone kinetics
was provided in these papers.

Because hydrocarbon ignition is primarily a chain-branching
phenomenon,'>® a shift in the ignition time characteristics
must indicate a change in the chain branching and propagation
pathways. In a companion analytical study, the authors present
a detailed chemical kinetics model for high-pressure, fuel-rich,
intermediate-temperature CH, /O, ignition that successfully re-
produces the decreased temperature dependence at the lower
temperatures.® The reader should therefore consult Refs. 34
and 66 for further discussions on high-pressure CH,/O, chem-
ical kinetics and ignition.

During the fuel-rich experiments, an interesting soot-for-
mation phenomenon was observed. At the lowest pressures and
highest temperatures, large soot deposits were found in the
shock tube after a visual, posttest inspection. This result was
not unexpected, however, given the high CH, concentrations
utilized. On the other hand, after the highest-pressure and low-
est-temperature experiments, a liquid hydrocarbon residue was
found in the shock tube instead of soot. These results were
highly repeatable for a given mixture and test conditions. Al-
though no further investigations were performed on this matter,
the experimental records indicate that the demarcation between
soot and liquid formation corresponds roughly with the acti-
vation energy transition seen in Figs. 3a and 4a. High-pressure
soot and aromatic hydrocarbon formation in shock tubes re-
mains a topic for future study.

Conclusions

Ignition delay times were measured for the following ram
accelerator mixtures: 3CH, + 20, + 10X, 3CH, + 20, +
6X, 6CH, + 20, + 4He, 3CH, + 20, + 4N, + 8He, and
0.4CH, +20, + 8Ar, where X = N, or Ar. All experiments
were performed behind reflected shock waves in a high-pres-
sure shock tube. Temperatures and pressures important to ram
accelerator forebody ignition were explored (1040—-1600 K,
35-260 atm), and ignition time correlations were generated
for each mixture. A correlation of the entire data set was also
obtained. These results led to the conclusion that ignition delay
time is not a strong function of the amount or type of diluent.

The ignition kinetics at low temperatures and high pressures
were such that a distinct transition in the temperature depen-
dence was observed for the fuel-rich mixtures. The transition
temperature for the stoichiometries and pressures investigated
was between 1240 and 1340 K (the region of prime interest
to ram accelerator ignition). Similar characteristics are com-
monly observed in higher-order hydrocarbons where the tran-
sition occurs because of competition between high- and low-
temperature chain branching.
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