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Reaction and Ignition Delay Times in the
Oxidation of Propane

B. F. Myers* anp E. R. BARTLET
General Dynamics/Convair, San Diego, Calif.

Empirical correlations between “‘reaction” and ‘‘ignition delay’ times and the pressure,
temperature, and composition have been obtained for propane-oxygen-argon mixtures. Ex-
periments were conducted by shock heating these mixtures to initial pressures and tempera-
tures between 0.5 and 5.5 atm and 1000° and 1600°K for equivalence ratios and dilutions in the
ranges 0.1 to 1.5 and 80 to 999, Ar, respectively. The radiation emitted behind incident
shock waves was monitored as a function of time simultaneously in 9 spectral channels in the
wavelength range 0.23-5.1u and the refractive index gradient-time profile was recorded using
a laser-schlieren technique. Reaction times were determined from 1) the cessation of CO:;
formation, 2) the termination of OH emission, and 3) termination of the refractive index
gradient signal; the ignition delay times were determined from 1) an initial rise in OH
emission, 2) a second rise in OH emission, and 3) the initial rise in CO: emission. The ratio
of the reaction to the ignition delay time was found to be significantly greater than one and in
the case of most interest to SCRAMJET applications this ratio was as large as 50. The restric-
tions on the utility of the empirical correlations for reaction and ignition delay times resulting
from the occurrence of detonations and the introduction of systematic error by shock wave at-
tenuation, boundary-layer growth, flow instabilities, and the difficulty of transforming ob-
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servations from laboratory to particle coordinates are discussed.

Nomenclature

A; = area under refractive index gradient extremum,
arbitrary units

Co(7) = a constant for each reaction and ignition delay
parameter, mole-see-cm ~3-atm ~5/8

E.(7) = a constant for each reaction and ignition delay

‘ parameter, cal-mole™1

9(Xz,0) = afunction which accounts for minor dependencies
of @ on Xz and ¢

HTG = heat-transfer gage

Im = limiting separation between shock front and con-
tact surface, cm

n,n’ = exponent of ¢ in the function ¢(Xg,¢)

P = pressure, atm

R . = gas constant, cal-mole~1-°K 1

R’ = gas constant, atm-cm3-mole ~1-°K -1

RIG = refractive index gradient

T = temperature, °K

Xe = mole fraction of reactants, Xz = Xc,m, + Xo,

a = a function of ¢, Xz, P, 7, and T, mole-sec-cm ~3-
atm —5/8

Ae = center wavelength of spectral interval, u

AX = bandwidth of spectral interval, u

u = wavelength, u

v = wavenumber, cm ™!

P = density, g-cm 3

Prt = density ratio across the shock front

Ap = change in density, g-cm 3

7(y) = characteristic time or reaction time for observ-

able y, sec (unless otherwise indicated)
ignition delay time for observable y, sec (unless
otherwise indicated)
reaction time computed using the average values
of Cy and E,, sec
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T =

¢ = equivalence ratio, ¢ = (F/O:)(F/O:);* where F is the fuel
and O, the oxygen concentration, and s refers to the

stoichiometric ratio

Subscripts

¢ = final equilibrium

f = frozen state immediately behind the incident shock front
before chemical reaction begins but assuming equilibra-~
tion of internal degrees of freedom.

= interval in density values

= Jaboratory

particle

preshock conditions

I

RSN .
f

I

Introduction

HE reaction time is a primary datum in the design of the

combustor for supersonic combustion applications.!™*
This reaction time can be calculated provided a set of ele-
mentary reactions and corresponding rate coefficients ac-
curately representing the detailed chemical processes are
known. For hydrogen oxidation® and propane oxidation,’
reaction times have been calculated; in the former case, a
correlation was established between the reaction time and the
temperature and pressure. For propane oxidation, the calou-
lation of reaction time was found to be a difficult task® with the
data on reactions and rate coefficients presently available.
In the present experiments, an attempt has been made to
measure the reaction time for the oxidation of propane and to
establish an empirical correlation between the temperature,
pressure, and composition existing behind an incident shock -
wave before chemical reaction begins and the reaction time,
as well as the ignition delay time, which is simultaneously
measured.

The results of the present studies are in qualitative agree-
ment with the calculations of reaction and ignition delay
times in propane oxidation® as well as with earlier measure-
ments® of reaction times in other fuel systems; however, the
caleulated reaction times are generally smaller than the times
measured in this study. By contrast, the ignition delay times
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previously measured’ for propane oxidation are in excellent
agreement with data presented here.

Experimental

The experiments were conducted with a 3-in.-i.d., stain-
less-steel shock tube. This shock tube and associated
equipment have been described in detail elsewhere.®:* In the
following paragraphs, brief descriptions are given of 1) the
instrumentation used to measure simultaneously the radiation
emitted in nine spectral intervals extending from about 0.23 to
5.1u, and the laser-schlieren system used to measure the re-
fractive index gradient, 2) the materials, and 3) the experi-
mental procedure.

Apparatus

The spectral intervals in which the radiation emitted by the
shock heated gases was monitored are given in Table 1. For
each spectral interval, the center wavelength, bandpass, and
the species which radiates in the interval, excepting channels 3
and 8, are listed.

The emission from CO and CO, was recorded as previously
described in detail® by monitoring spectral portions of the CO
and COy—»; fundamental bands. In addition, for some of the
experiments, the emission from H,O was recorded by moni-
toring spectral portions of the HyO-(vo -+ v3) and HsO-vs
bands. This was accomplished by using the combination of
an InSb detector and narrow bandpass, interference filter
(AN = 0.1u). Two filters were used with center wavelengths
of 1.95 and 2.5u, respectively. For the spectral regions
spanned by these filters, emission from mixtures containing
H,0 and COs at high temperature results only from H,O over
the range of conditions employed in the present experiments.?

In the wavelength interval between 0.25 and 0.80y, the
optical and detection system employed, which has been de-
scribed in detail elsewhere,!! consisted of an f/12 Hilger
Medium Quartz Spectrograph which could receive radiation
from the shock-heated gases. In the image plane of the
spectrograph, 6 slits were placed and calibrated as previously
described.'*12 The radiation passing through these slits was
detected by the six photomultipliers.

The response time of all detectors was less than 1 usec and
the optical system did not allow scattered light to reach the
detectors. The entire optical system was enclosed in a light-
tight box which was purged with dry nitrogen prior to and
during an experiment.

The refractive index gradient (RIG) of the shock-heated
gases was measured as a function of time with a narrow beam,
laser-schlieren technique devised by Kiefer and Lutz.®
Light from a laser (Spectra Physics Model 122, helium-neon
gas laser; A = 0.6328u) passed perpendicularly through the
shock tube and was deflected by a change in the refractive
index of the gas. The effective diameter of the laser beam was
0.8 mm in the center of the shock tube and 12.0 mm at a de-
tection station located 7.2 m from the shock tube axis. The
laser beam passed through the shock tube at an observation
station located 57.15 mm upstream of the observation station
used for the spectroscopic measurements. The complete sys-
tem was estimated to have a rise time of less than 0.1 usec.

The laser-schlieren system of these experiments differed in
two respects from the system of Kiefer and Lutz.’* First, at
the detector station, the conventional knife edge of a schlieren
system was replaced with a beam splitter consisting of two
right angle prisms butted together. The split beams were
focused by lenses onto photodiodes (Edgerton, Germeshausen,
and Grier Inc. Model S-100); the difference of the output sig-
nals was recorded. Second, the laser beam was not focused or
reduced in diameter before reaching the detector station.
With this arrangement, the sharp signal spike associated
with the large density gradients in the beam path during
shock front passage was preceded by a signal deflection of op-
posite sign. The peak intensity of the latter signal was ap-
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Table 1 Spectroscopic channels utilized

Pertinent
Channel Aoyt AN radiator
1 4.25 0.043 COy»y3
2 5.07 0.130 CO
3 0.2300 0.0062 e
4 0.3095 0.0030 OH
5 0.3930 0.0100 CN
6 0.4300 0.0100 CH
7 0.5200 0.0100 Ca
8 0.7253 0.0206 -
9 2.50 0.040 H;0-»;
10 1 . 95 0 . 040 H20-(V3 + P2)

proximately proportional to the initial pressure of the test gas
for a constant Mach number. It could be eliminated by
focusing the incident laser beam in the center of the shock tube
and recollimating the laser beam on the exit side, although
this was not done for the present experiments. Reflection of
the laser beam by the shock front before extensive refraction
of the beam may contribute to the formation of the initial
signal; however, the true mechanism is not known at present.
The use of the RIG as outlined below does not depend on the
occurrence of this initial signal.

Materials

The principal impurities of the test gases and the purity
levels as given by the manufacturer are listed in Ref. 14.
Test gas mixtures were prepared in a gas handling facility
which has been described in detail elsewhere.® The concen-
trations of the gas mixture constituents were determined by
partial pressure measurements.

Procedure

The experiments were conducted by shock heating test gas
mixtures of propane, oxygen, and argon to temperatures be-
tween 1000° and 1600°K and pressures between 0.5 and 5.5
atm. The emission intensity in spectral channels 1-8 of
Table 1 and the RIG were recorded as a function of time simul-
taneously. In a selected number of experiments, emission
signals in channel 9 or 10 were recorded in place of those in
channel 2. Contributions to the recorded emission intensities
from the test gas constituents and accompanying impurities
were investigated by shock heating Ar, 209, O, + 80% Ar,
and 59, CsHg + 959 Ar to a temperature of about 2500°K
and a pressure of about 2 atm. No signals were detected in
channels 1-8 of Table 1 for the mixtures. When channel 9 or
10 was employed, the emission from shock-heated mixtures of
5%, CsHs -+ 959 Ar indicated the presence of a small water
impurity (<$0.19%) in the propane. This signal was only
slightly attenuated when the propane was first frozen at dry
ice temperature and pumped on. However, the influence of
this impurity on the reaction parameters measured (as de-
seribed below) is considered negligible.

The initial thermodynamic state and the equilibrium ther-
modynamic state for each test gas mixture behind the inci-
dent shock wave were calculated using one-dimensional nor-
mal shock theory. For the initial state calculations, equilibra-
tion of the internal degrees of freedom and no chemical reac-
tion were assumed. For the equilibrium calculations, the
species included were C;Hs, Os, O, CO, CO,, OH, H;O, H;0,,
H, H;, and CH;O. The inclusion of additional species, i.e.,
CuH,, where 1 < n < 4and 1 < m < 10, had a negligible
effect on the composition and thermodynamic state at equi-
librium. The ecalculations were performed on an IBM
360 computer using the Los Alamos GMX-7 shock parameter
code.1

1 Received by this laboratory through the courtesy of G. L.
Schott, Los Alamos Scientific Laboratory, University of Califor-
nia, Los Alamos, N. Mex.
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Fig. 1 Observables and characteristic times. Run 1322:
T; = 1321°K, P; = 1.32 atm, T. = 1381°K, P. = 1.28 atm,
C:Hs 4 O; + Ar, ¢ = 0.2, 959, Ar.

Results
Oxidation of Propane

Examples of the experimental results obtained by shock
heating mixtures of propane-oxygen-argon are shown by the
oscillogram tracings of Figs. 1 and 2 for runs 1322 and 1487,
respectively. For Fig. 1, in the order from top to bottom, the
tracings show the time histories of 1) the response of a heat-

transfer gage (HTQ) to shock front arrival at the observa-

tion station as indicated by the sudden rise in this trace, 2)
CO, emission, 3) OH emission, 4) the refractive index gra-
dient, 5) the CH emission, and 6) CO emission. For Fig. 2,
the H;O emission trace has been added and those for CH and
CO deleted. (The time scales for the CO and/or RIG traces
as shown in Figs. 1 and 2 are slightly different from the other
traces.) Emission was not detected in channels 3, 5, 7, and 8.
To characterize the reaction and ignition delay time for pro-
pane oxidation, 6 distinguishable features were selected from
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Fig. 2 Observables and characteristic times. Run 1487:
T; = 1301°K, P; = 1.07 atm, T. = 1353°K, P, = 1.04 atm,
CsHs + O; + Ar, ¢ = 1.0, 999, Ar.
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the oscillograms for the experiments represented by Figs. 1
and 2 which were also present on the oscillograms of all the
experiments. The reaction time 7 was determined from three
features: 1) the cessation of CO; formation as indicated by
plateau in the CO, emission-time traces, 2) the termination of
OH emission, and 3) the termination of the final refractive
index gradient extremum. Also, in selected experiments for
which HyO emission was recorded, a reaction time was based
on the cessation of IO formation. In all cases, the reaction
time was evaluated by the extrapolation procedures indicated
in Figs. 1 and 2. The ignition delay time 7’'r or 77 was also
determined from three features: 1) the initial rise in OH
emission, 2). the second rise in OH emission, and 3) the initial
rise in CO emission. Again, in selected experiments where
H,0 emission was recorded, the initial and second rise in H,O
emission were the bases for ignition delay times. In all cases,
the ignition delay time was evaluated by an extrapolation of
portions of the traces to the zero intensity axes as indicated in
Figs. 1 and 2. These definitions of reaction time and ignition
delay time do not require a knowledge of the relationship be-
tween emission and concentration for any of the emitting
species or of the relationship between the refractive index
gradient and the density and specific refractivity.

The temperature dependence of the selected parameters as
well as the relation between them is illustrated in Fig. 3 for
the set of experiments with 959, Ar diluent and ¢ = 0.2. The
characteristic times 7 computed as described below are plotted
vs T;~1. (Thelines drawn through the data points are visual
estimates and are included to clarify the graphical presenta-
tion.) This figure clearly demonstrates that two distinet
temperature regions exist for the parameters. The tempera-
ture dependence is different above and below about 1300° and
1250°K for the reaction time and ignition delay time, respec-
tively. In addition, the figure also shows that 1) the three re-
action times 7(COy), 7(OH), and 7(RIG) as defined previously
are practically the same over the experimental temperature
range, 2) the ignition delay times 7;(OH) and 7,(CO,) cor-
responding to the second rise in OH emission and the onset of
CO» emission are identical over the entire temperature range,
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Fig. 3 Reaction and ignition delay times. C;H; + O: +
Ar, P -2 1 atm, ¢ = 0.2, 959, Ar.
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and 3) the initial rise in OH emission has a different tempera-
ture dependence than the second rise in OH emission above
1250°K. Below 1250°K, the OI emission trace shows only
the second rise (i.e., a rise with a slope characteristic of the
second rise in OH emission of Fig. 1 or 2). By contrast, there
are no qualitative differences after 7;(OH) in the OH emission
traces at temperatures above or below 1250°K except as noted
below.’ In experiments for which the H;O emission was
monitored, the parameters 7(H:0), 7,(H,0), and 7’',(I,0)
were found to have the same values and therefore temperature
dependencies within experimental error as the corresponding
parameters for the other observables.

The time profiles of the observables recorded in the propane
oxidation experiments show features in addition to those se-
lected for use in characterizing the reaction and ignition delay
times. Some of these additional features are illustrated in
Figs. 1 and 2. The OH emission profile consists of an initial
rise and second rise, already considered, two sharp maxima
followed by a broad maximum. This structure of the OH
emission profile was observed generally for the propane oxida-
tion experiments, except for the initial rise which was not de-
tected below 1250°K and for experiments in which severe flow
instabilities developed (see below); the relative magnitudes of
the sharp maxima were observed to change for different experi-
ments (as illustrated by comparing Figs. 1 and 2) and the
initial rise in OH emission exhibited a maximum in some of
the experiments at higher temperature. When the CH
emission trace was intense, the structure was similar to that
observed for OH emission, but the CH emission was generally
too weak to be used in the data reduction. The weak emis-
sion intensity also was found for CO. The RIG traces had a
rich but variable structure of extrema which has not been
adequately examined in the present study.

The additional, structural features described previously are
best illustrated by the data obtained with the mixture having
¢ = 0.2 and 959, Ar. For these experiments, the following
time coincidences were noted: 1) the onset for the initial rise
of OH and CH, 2) the onset for the initial rise of CO and CO,
(see, however, Ref. 16), the onset for the second rise in OH and
CH, and the location of a RIG extremum, and 3) the two
sharp maxima in OH and CH emission traces and two RIG
extrema. In addition, a RIG extremum generally preceded
the onset of any detectable emission. In the time coinci-
dences, the OH emission correlates very well with the RIG
extrema and if the latter are associated with the heat release
process then OH is also. This is in contrast to the Hs-O, sys-
tem, where the rise in OH radical concentration generally
precedes the heat release. Above 1250°K, the temperature
dependence was found to be the same for 1) the onset for the
rise in CO,, the onset for the second rise in OH, and a RIG ex-
tremum, 2) the first of the sharp maxima in OH emission and
a RIG extremum, and 3) the second of the sharp maxima in
OH emission and a RIG extremum. Furthermore, the tem-
perature dependence of parameter groups 1, 2, and 3 was
different. All the time coincidences discussed here, while not
generally observable, do indicate that correlations exist other
than those used in this study.

Fluid Dynamic Instabilities

The conditions under which experiments with propane-
oxygen mixtures could be satisfactorily conducted were
limited by the occurrence of detonations and of fluid dynamic
instabilities observed in nondetonating systems. The oe-
currence of a detonation was identified by an increased
velocity of shock wave propagation, by large emission signals
in all spectral channels with no evidence for an ignition delay,
and by a characteristic RIG profile which exhibited large posi-
tive and negative signal excursions. 4

For nondetonating mixtures, flow instabilities were indi-
cated by 1) oscillations in the CO, emission, OH emission,
and RIG traces and 2) by a double peak in the RIG extre-
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Fig.4 Influence of flow instabilities. a) Run 1351: T; =
1204°K, P; = 0.56 atm, T. = 1318°K, P, = 0.52 atm, C;H; +
0; + Ar, ¢ = 0.1, 809 Ar; b) Run 1302: T, = 1250°K, P; =
1.01 atm, CsHs + Oz + Al', ¢ = 1-0, 95% Ar.

mum corresponding to the shock front. The number and
magnitude of the oscillations increased with increasing ¢ (up
to ¢ =~ 1), P, or T and with decreasing diluent concentration.
An example of relatively severe oscillations is shown in Fig.
4a for a propane-oxygen-argon mixture. In the order from
the top to the bottom of the figure, the tracings show the
time history of 1) the response of a heat-transfer gage to
shock front arrival at the observation station, 2) the CO,
emission, 3) the OH emission, and 4) the RIG. The double
peak observed in the shock front RIG extremum is shown in
Fig. 4b for a propane-oxygen-argon mixture; the tracings
show the time histories of 1) the time derivative of the heat-
transfer gage signal and 2) the RIG. The time resolution
for most experiments was relatively small and then the max-
ima were not separated although a broadening of the shock
front RIG extremum was evident. The best single indica-
tor for flow instabilities for the present experiments between
1000° and 1600°K was the CO, emission; at small values of ¢,
P, T, and large diluent concentrations the OH emission and
RIG signals became weak whereas the CO; emission remained
strong as a result of the increased emissivity of CO, at the
lower temperatures for the spectral interval employed (see
Table 1).

By using the experimental indicators described previously,
instabilities were detected in 409, of the experiments; the ef-
fect of these instabilities on the empirical correlations de-
veloped in this study is considered below (see Summary and
Discussion).

Correlation of Reaction and
Ignition Delay Times

Correlations for the propane oxidation data have been ob-
tained in terms of the six reaction parameters defined previ-
ously. Examples of the correlations are shown in Figs. 5 and
6 for the two parameters 7(OH) and 7;(CO.), respectively.
The correlation function is ag where

a = (5¢)2XzP;/[R'T;(5 + ¢)] 1
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Fig.5 Correlated reaction period data for -(OH) in C;H; +
O; 4+ Ar.

for all parameters and
g = Xg %07 for + = 7(OH), 7(CO,), 7(RIG) (1a)
g = Xg%%;lnn" = 0.6 — 45 Xz for 7 = 7/;(OH) (1b)

g = Xg"¢™; Inn = 0.3 — 30 Xpfor 7 =
7(0H), 7(COs)  (1c)
The factor 5 appearing in Eq. (1) is the oxygen to propane

concentration ratio for a stoichiometric mixture. In terms of
concentrations in mole-cm =3,

a = (03H8)1/2(02)1/2Pf—5/s7. (2)
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Fig. 6 Correlated induction period data for 7(CO,) in
C3Hs + 07 + A!‘.
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where the concentrations are computed using P; and T,.
Note that the factor (C3Hs)™(Og)! 77, where 0 < m < 1
and 7 is the characteristic time, has been used previously? to
successfully correlate induction period data for C,H, and
CoH, oxidation. The caleulation of 7 from the laboratory
times and the use of P; and T; in the correlations are dis-
cussed below. The major differences in ag for the ignition
delay and the reaction times are that 1) the dependence of
ignition delay on ¢ changes with X whereas the reaction
time dependence on ¢ does not and 2) the ignition delay time
is more strongly dependent on Xz than is the reaction time.
For the ignition delay data, at Xz = 0.20, ¢ ~ 1 to a good
approximation. The straight lines drawn through the data in
Figs. 5 and 6 are the least squares fit to the data for the
temperature intervals above and below 1250°K. These
curves demonstrate the difference in the temperature de-
pendence of all the parameters above and below about
1250°K as noted previously. Also, the reaction and ignition
delay parameters for Xz = 0.0l and ¢ = 1.5 show large de-
viations from the fits which increase with decreasing tem-
perature at temperatures below 1300°K; this is obvious in
Fig. 6. The fits- for all the parameters, based on 133 experi-
ments, are given in Table 2 in the form

ag = Co(r) explBa(r)/RT}] ®)

The curves for the various parameters normalized accord-
ing to Egs. (1-1¢) are compared in Fig. 7, where the error
bars represent the standard deviations for the data. The
curves for 7(CO,), 7(OH), and 7(RIG) and for 7;(OH) and
71(CO,) are not significantly different. By contrast, the curve
for 7';(OH) is significantly different from the 7, curves. [But
observe that a comparison of the curves representing 7;
and 7’/;(OH) depends on Xz and ¢ in addition to the ratio
71/7'1(OH).] The agreement of the curves for the reaction
time parameters as well as of the curves for two of the ignition
delay parameters strongly depends on the sensitivities of the
detection system toward the emission of OH and CO, and the
changes in refractive index gradient. In the present study,
changes of roughly 0.04 mole 9%, CO,, <107 mole % OH, and
a gradient of 10~t-g-liter~-mm™' could be detected. As a
consequence of this dependence upon the detector sensitivity,
no significance can be attributed to the observed agreement
in terms of chemical kinetics. Furthermore, the arbitrary
nature of any experimental definition of reaction time (and
also of ignition delay time) is evident from these considera-
tions.

Summary and Discussion

Empirical correlations between reaction and ignition delay
times and the temperature, pressure, and equivalence ratio

Table 2 Least square fits to correlated data

E,,

keal/
Parameter T, °K Co mole De
1'(OH) >1250 0.535 X 1071 51.3 26.0
71(OH) <1250 0.257 X 10~ 26.0 17.6
>1250 0.188 X 10~V 44.3 12.8
71(COy) <1250 0.255 X 10714 26.0 18.9
>1250 0.884 X 10~ 40.2 14.0
+(OH) <1250 0.63¢ X 10~ u 17.0 18.1
. >1250 0.189 X 10~ 31.3 15.8
7(CO.) <1250 0.127 X 10710 15.4 20.7
>1250 0.271 X 10718 30.9 14.4
7(RIG) <1250 0.186 X 10 14.6 18.6
>1250 0.582 X 1014 35.0 22.2

1002{|(ag) — (ag)ecalel}/(ag)ecai,, N =
i ;

@ 9, deviation = number of ex-

periments.
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have been obtained in the following forms:

_ Co(n)R'T; %5 + @)
- P/s/sXRw (5)1/2

,  Co(r'DR'T; ¢ V%5 + &)

exp[E.(r)/RTy] (4a)

1= pan g @ P R
Inn’ = 0.6 —45 X (4b)
’ n—1/2
ry = QEORTr ¢ 205 & @) ooy /R

Pfals Xg11 (5)1/2
Inn = 0.3 — 30Xz (4c)

for experiments on the oxidation of propane where 1000°K <
T < 1600°K, 0.5 atm < P < 5.5 atm, 0.01 < X < 0.20,
and 0.1 < ¢ < 1.5. Equation (4b) is to be used only for 7 >
1250°K. Note that the occurrence of detonations limited the
accessible combinations of pressure, temperature, and com-
position within these ranges; thus, the empirical correlations
are based on a restricted coverage of these ranges. (For a com-
plete listing of the experimental conditions and of the reac-
tion and ignition delay times, see Table 3 of Ref. 14.) . The
values of Co(7) and E.(7) are listed in Table 2.

A major problem in establishing meaningful correlations is
the conversion of the ignition delay and reaction times from
the laboratory to the particle coordinate system. TFour fac-
tors enter into this conversion. First, shock wave attenua-
tion results in an increase in the temperature as a function of
distance behind the shock front.’® Second, the boundary-
layer growth results in an increase of the density as a function
of distance behind the shock front and also a significant in-
crease in the flight time of a partiele, in shock-fixed coordi-
nates, to points between the shock front and the contact sur-
face.1® Third, flow instabilities introduce uncertainties in
the time progress of reactions. Fourth, even in an ideal flow,
the coupling between the changing temperature, pressure,
and the progress of the chemical reactions is difficult to take
into account. In the ideal flow case, problems connected with
the fourth factor can be avoided by comparing numerically
computed time profiles of the observables with the experi-
mental time profiles and altering the input to the numerical
calculations until agreement between the calculations and ex-
periments is reached. However, this requires a knowledge of
the reaction mechanism which is lacking in the case of pro-
pane oxidation.

For the present experiments, the first factor, shock wave
attenuation, results in a maximum temperature increase of
less than 1.49, for T > 1250°K and less than 2.89, for T >
1430°K. No correction for this has been made to the data.

The effect of the second factor, boundary-layer growth, is
difficult to assess because the necessary theoretical analysis
has been developed!® strictly only for the case where the
limiting separation between the shock front and contact sur-
face L, has been reached for low-pressure shock tube operation.
In the propane oxidation experiments, the limiting separation
I, has not been reached by the time the shock wave passes the
observation station and the initial pressures used are rela-
tively high (for all experiments P; > 22 mm Hg and for
699, of all experiments, P, > 45 mm Hg). However, the in-
crease in particle residence time, resulting from mass flow
into the boundary layer, is estimated to be less than 2% for
the propane oxidation experiments. These estimates are
based on the observation? that the theoretical formula!®-?
for correcting the particle flight time is adequate for experi-
mental use when the limiting separation is not reached and on
the assumption that the estimates are conservative when ap-
plied to data obtained with relatively large initial test gas
pressures. If the time of flight correction were significant,
then the characteristic times at lower temperatures would be
increased by larger factors than those times measured at
higher temperatures. The effect of such a correction would
be to reduce or perhaps eliminate the distinet changes in slope
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at approximately 1250°K which occurs, for example, in Figs.
5 and 6. However, this apparently is not the case with the
present experiments; alternatively the change in slope may
result from a change in the mechanism of oxidation when the
experimental temperature is increased beyond 1250°K.
Evidence for this possibility has been obtained in the oxida-
tion of methane?* behind reflected shock waves. Here, the
reacting gas mixture is essentially quiescent and the pre-
ceding correction is not applicable.

In addition to the increased particle residence time, the
boundary-layer growth results in a temperature increase,
which, for the propane osidation experiments, is estimated to
be less than 1%; this estimate is based on the assumption
that the analysis developed!® for the case of limiting separa-
tion and low-pressure experiments can be applied to the pro-
pane oxidation data. No corrections to the latter data for the
effects of boundary-layer growth considered here have been
made.

The third factor, flow instabilities, may also produce
systematic errors in the data interpretation. Because flow
instabilities are more likely to occur when shorter characteris-
tic times are measured, the data obtained at higher tempera-
ture are probably more influenced. However, the actual
magnitude of the effect of flow instabilities on the characteris-
tic times is unknown. In fact, the temperature dependence is
the same for data obtained with unstable flows (as determined
on the basis of the experimental flow instability eriteria de-
veloped in this study) and those obtained with apparently
stable flows. (All of the data used to establish the correla-
tions were obtained in experiments for which the shock wave
velocity was observed only to attenuate.) Also, the seatter in
the data is not large for shock tube experiments. These facts
indicate that the experiments with flow instabilities yielded
data which were not significantly different from data obtained
in the absence of detectable flow instabilities.

The fourth factor was evaluated using the following ap-
proximate procedure. The refractive index gradient extrema
were determined from the recorded profile and each location
was considered as corresponding to a density jump Ap: given
by the relation Ap; = (A:i/Z:A:)(p. — py). The result was
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the construction of a density profile which appeared as a set
of steps. In calculating the densities for various steps, the
assumptions of constant pressure and molecular weight of the
gas mixture for the total reaction time were made. From the
density profile, the corrected reaction times were computed.
The application of this procedure resulted in a change in 7 of
less than —209%, for all the runs and in a change of only —10%
or less for about 909, of the runs. This was found provided
the temperature of the experiment was regarded to be 7.
A time averaged value of the temperature computed from the
density step profile could have been used in the correlation,
but it is not more meaningful and introduces a dependence on
the density step model into the correlations. In view of the
small changes in 7 from the application of the foregoing pro-
cedure to the data, the correlations were established using char-
‘acteristic times computed from 7, = (o) 71z,

In spite of the reservations with which the correlations must
be considered, two consequences of these relations are worthy
of elaboration. First, the ratio of the reaction to ignition de-
lay time 7/7; is significantly greater than one and for the case
of most interest in SCRAMJET applications, i.e., with X =
0.20, this ratio is greater than 10 and becomes of the order
of 50 for certain cases. The ratio 7/7r is shown in Fig. 8 as a
function of 7,7 Note that if 7/; had been used in place of
77 to compute this ratio, the values calculated would have
been larger. (The discontinuities in Fig. 8, as well as Fig. 9,
result primarily from the averaging processes mentioned
below.) These curves were computed with the data of Table
2 and the following equation:

T _ G .9 B0.T—n L) — Bo(rs)
7 Colry X270 eXp[ RT; ] )

using Cy[r(Av)] and E.[r(Av)] where Co[r(Av)] and E,.-
[T(Av)] are the average values of Cy and E.. This equation
clearly shows that the ratio 7/7; is independent of pressure
P;. BSecond, the pressure normalized reaction times P,337
are relatively insensitive to variations in ¢ and Xz but are
strongly dependent on variations in temperature. This is
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llustrated in Fig. 9 using the values of Cy[r(Av)] and E,-
[7(Av)] and Eq. (4a) suitably rearranged, for caleulation.

Two general features of the mechanism of hydrocarbon oxi-
dation are indicated by comparing the present results with
independent studies. First, the largest increase in OH emis-
sion occurs during the time of heat release in the combustion
and is therefore not associated with the ignition delay or in-
duction period as in the case of hydrogen oxidation. This is
supported by the time profiles of the observables in propane
oxidation and also by studies on the oxidation of acetylene in
shock waves.22 Second, the structural features of the OH
emission profile may be observed in the oxidation of the
paraffin hydrocarbons, generally. This is supported by the
OH emission profiles obtained in four different experi-
ments!%%28 involving CH,, C;Hs, and CsHys with Ar or N,
diluent and behind incident and reflected shock waves. Yet,
in all cases, the OH emission-time profiles have an initial and
second rise, two sharp maxima or evidence thereof, and a final
broad maximum. The display of these structural features in
the reflected shock experiments indicates that they are rela-
tively independent of the effects of shock wave attenuation,
boundary-layer growth (as this affects the incident shock
wave), and difficulties resulting from reacting gas flow. The
observation of common features in the OH emission-time
history for a range of gas mixture compositions and experimen-
tal conditions points to common, mechanistic features in
hydrocarbon oxidation. Thus, this observation is possibly in
support of the hypothesis® that the combustion of (paraffin)
hydrocarbons of greater molecular weight than propane can
be represented instead by the combustion of the same mass of
propane to obtain reaction and ignition delay times with suf-
ficient accuracy for engineering purposes.

The comparison of the present experimental determination
of reaction time with a recent attempt® to caleulate the reac-
tion time in propane oxidation as well as with earlier mea-
surements® of reaction time in other systems, is instructive.
Values of the ratio of the measured to the calculated® reaction
time in propane oxidation decrease from about 6 at 1100°K to
1 at 1500°K. Thus the calculations predict a smaller reaction
time generally and a smaller temperature coefficient for the
reaction time. However, for the calculations, the reaction
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time was defined as the time at which the temperature is equal
to 959, of the final, equilibrium temperature. Since this
definition differs from that used in the present experiments,
the validity of comparing the calculations with the experi-
mental results may be questioned.

A comparison of the ratios of the reaction time to the igni-
tion delay time perhaps is less objectionable. In the present
study, this ratio varied from 11 at 1100°K to 50 at 1550°K
while the calculated ratios varied from about 2 to 5 in the same
temperature interval for propane oxidation. For ethane oxi-
dation, the caleulated ratios varied from 2 to 30. The calcula-
tions and experiments agree in demonstrating an increase in
the ratio of reaction to ignition delay time with increasing
temperature, but the calculations predict smaller values for
the ratio. Note that the calculations were performed for a
system with N, as diluent but otherwise with the same param-
eters as the system to which the experimentally derived ratios
apply.

In the propane oxidation experiments, the temperature and
pressure dependence of the reaction and ignition delay times
are found to be similar. This similarity has also been noted®
in the ease of kerosene and isooetane oxidation.

Previous studies of the ignition delay times in propane oxi-
dation have been carried out experimentally’?* and numeri-
cally.® The present experimental data are in qualitative agree-
ment with the results of these studies with respect to the in-
verse dependence of the ignition delay time on pressure,
temperature, and the concentrations of fuel, oxygen, and
diluent. The empirical correlations {Eqs. (4b) and (4¢)] in-~
dicate an increase in ignition delay time with increasing ¢
as observed in other shock tube investigations” of propane
oxidation at dilutions of 999, Ar and a decrease in ignition
delay time with increasing ¢ as caleulated® for propane oxida-
tion at the smaller dilution of 809, No.

A quantitative comparison of the present experimental
data with results of the previous? shock tube study of the
ignition delay in propane oxidation is made difficult by the
differences in 1) the method of defining the ignition delay
time and 2) the spectral interval employed for observing
emitted radiation and by the possible differences in sensitivity
to the radiating species. However, the ignition delay times
measured in the present experiments are the same, within an
error less than +259%, as those previously measured’ at
identical values of P, ¢, and Xz and for comparable tempera-
tures. For other values of the parameters, the previous in-
vestigators” observed a greater dependence of the ignition de-
lay time on ¢ at dilutions of 959 Ar than the present correla-
tions yield and did not distinguish two regimes for the tem-

perature dependence as in the present report. With regard

to the latter distinction, note that the present study involved
a larger temperature range and that in the regime of
temperatures below about 1250°K, the temperature coef-
ficient found here is consistent with the temperature coef-
ficient measured for propane oxidation between 800° and
1000°K in a flow apparatus.?* At the highest common tem-
peratures employed in the two shock tube investigations, the
temperature coefficients tend to a similar value. In compari-
son with the calculated values® of the ignition delay time, the
present experimental values are generally smaller by more
than an order of magnitude except at temperatures below
© 1250°K.
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