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We describe a single-pulse chemical shock tube CST2
established for measuring the reaction rate of chemical
reactions and ignition delay for fuels at high tempera-
ture along with the procedure for its calibration. The
suitability of the facility for measuring the ignition de-
lay is demonstrated by measuring the ignition delay for
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the ethane—oxygen gas mixture in the temperature
range 1250-1611 K by recording the ignition-induced
pressure jump and emission from CH radical simulta-
neously. The results obtained in the present study com-
pare well with the earlier reported values.

Keywords: Chemical kinetics, ignition delay, reaction
rate, shock tube.

ESTIMATION of ignition delay as well as the temperature
dependence of rate constants in practical systems such as
combustion, explosion and detonation is essential to un-
derstand the detailed chemical kinetics of fuels for future
scramjet and pulse detonation engines. The demand for
such data has increased in recent times due to the en-
hanced global interest in hypersonic vehicles for military
as well as space applications. A shock tube is an ideal tool
to measure the kinetics data'? and ignition delays™' for
the fuels of interest in hypersonic applications which oc-
cur at temperatures exceeding 1000 K. In addition. shock
tubes have been used in many other fields such as aerody-
namics, physics, chemistry, materials science, biology”,
industrial and medical applications®.

Ignition delay time of a fuel is the characteristic time
used to scale the duration of the gas flow passing through
the combustion chamber. This is an important criterion to
measure the capability of ignition and flame sustainance
in the engine. Computational fluid dynamics (CFD) is
frequently used to simulate the various types of fluid flows
and also the real-time chemical processes in a combustion
chamber. In order to validate these simulation results it is
necessary to have an accurate chemical reaction model.
Experimentally measured ignition delay provides one of
the important criteria to validate CFD results. Moreover,
some suitable additives could be tried in shock-tube ex-
periments which could help in reducing the ignition delay
of hydrocarbon fuels before their use in scramjet en-
gines®.

We have recently established two chemical shock tubes
(CST1 and CST2), at the High Temperature Chemical
Kinetics Laboratory of Aerospace Engineering Depart-
ment’ at IISc, which have been extensively used to study
the pyrolysis of different molecules'®'!. There has been a
recent increase in the need for ignition-delay data for fu-
els used in Scramjet engines, which are being developed
in the country to meet the future demands. The ignition-
delay data for hydrocarbon fuels with additives and hy-
drogen are essential for the design of these scramjet en-
gines. In order to meet this demand we have initiated
ignition-delay measurement studies by modifying the
CST2 shock tube with additional diagnostics'?. The aim
of this communication is to describe the chemical shock
tube used for ignition-delay measurements and present its
performance details along with the preliminary data
measured for ethane—oxygen gas mixture using this faci-
lity.
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Schematic diagram of the chemical shock tube, CST2. DSO, Digital storage oscilloscope

(Tektronix, TDS 210); PT. Pressure transducers (PCB model 113A24); OP, Optical ports: Counter, HP

5314A universal counter; PMT, Photo-multiplier tube.

The CST2 shock tube (Figure 1) is a 39 mm internal
diameter, SS314-grade, stainless-steel tube divided into
driver and driven sections separated by a metallic dia-
phragm. The 197 ¢m long driver section is provided with
instrumentation ports for connecting the high-pressure gas
cylinders, pressure gauges, vent line and vacuum pumps.
Similarly, the 441 cm long driven section is also provided
with ports for connecting the vacuum pumping system,
test-gas feeding system, thermal sensors for measuring
shock speed and sensors to measure pressure rise behind
the primary and reflected shock waves at various loca-
tions of the driven section (Figure 1). The shock tube 1s
designed and tested for pressure levels up to 3500 PSI.
The typical driven-to-driver section length ratio is above 2,
and it can be varied by including additional length of the
tube to either the driver or driven sections. The driven
section is also provided with a ball valve of 39 mm inter-
nal bore, such that the reactant gas is confined only to the
region between the ball valve and the end flange of the
driven section before the passage of the shock wave. The
ball valve is essential to have a well-defined dwell time,
as it is commonly referred to in the literature™"®. The end
flange is provided with an outlet which can be used to
load the reactant samples into the driven section as well
as to draw the equilibrated gas after exposure to the shock
wave for subsequent product analysis.

Two diagonally opposite ports mounted with provision
for optical windows are provided at the end of the driven
tube after the ball valve. The light emitted during the
chemical reactions induced by the passage of the shock
wave through the reactants is collected by the collector
optics mounted on one of the ports and sent to the mono-
chromator (Acton model VM502) through a fibre optic
bundle (Figure 1). The emitted light signal is recorded by
the attached photomultiplier tube (PMT model DA-780-
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VUV) connected to a digital storage oscilloscope. The
monochromator has the wavelength range of 110-550 nm
and the PMT works in the entire range of wavelengths as
well. In the current set of experiments, the emission signal
was detected by tuning the monochromator to the band
centre of the known emission spectrum of CH. The dia-
gonally opposite window can be used to mount a pressure
sensor. The arrival of reflected shock at the window gives
us the zero time and time-delay before the CH emission
signal gives the ignition delay. Both ports can be fitted
with appropriate optical windows in case absorption spec-
troscopy is to be used for monitoring transients produced
following shock excitation of the gaseous mixture.

A dump tank is attached to the driven section of the
shock tube in the downstream region immediately after
the diaphragm station. In the absence of the dump tank, the
reflected shock wave from the end of the driven section
travels back all the way through the shock tube and gets
reflected again by the end flange of the driver section,
and returns to the shocked test gas once again to increase
its temperature. This keeps repeating a few times, which
results in reheating the test sample multiple times with
temperature pulses of receding magnitude. This is elimi-
nated by the dump tank downstream of the diaphragm sta-
tion which swallows the reflected shock and hence the
sample is heated by a single, well-defined temperature
pulse. However, in the present set of experiments, igni-
tion of the fuel/foxvgen mixture is initiated by the re-
flected shock wave at the end of the driven section. Since
the ignition delay is measured well before the secondary
reflection from the driver side, the dump tank is not
needed in these experiments.

A shock wave 1s produced by rupturing the aluminium
diaphragm which separates the driver and the driven sec-
tions, by increasing the He pressure. The driven section 1s
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filled with the required test gas at a typical pressure (P))
of 200 Torr, the pressure (P;) at which the diaphragm
ruptures is recorded. The pressure rise behind the primary
and the reflected shock wave shown in Figure 2 is re-
corded using a pressure sensor mounted at the end of the
driven section. The output signals from the pressure sen-
sors mounted 50 cm apart near the end of the driven sec-
tion are used to calculate the shock Mach number AM,.
From M., the pressure Ps and temperature 75 resulting
from the reflected shock wave can be calculated using the
following normal shock relations (Rankine—-Hugoniot
equation):

Ps/Py = Ps
_|2rM7 - (=D | | Gy =DM =27 - 1) W
r+D (y-1*MZ +2
Ts/ﬂ =Ty
_ 20 -0M7 + G- pllGy DM 2= D]

(y +1°M;

Here, 7 is the temperature of the gas before the arrival of
the shock wave and yis the specific heat ratio of the test
gas. If the estimated value of the pressure Ps from eq. (1)
matches well with the corresponding measured value
from Figure 2, for a given set of P, and P, values, the shock
tube is performing as expected. The pressure signals from
different ports along the driven section can also be used
to measure the speed of the shock wave at different points
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Figure 2. Typical pressure trace showing the arrival of primary shock
(first jump) and reflected shock (second jump) waves and dwell time
shown. Arrival of the expansion fan at the end of the dwell time
quenches the shock-heated mixture, providing a nearly ‘single high-
temperature pulse’.
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and ensure that we have a uniform shockwave in the re-
gion of observation, i.e. it 1s not attenuated/accelerated
within the length of the shock tube. From Figure 2, it can
be seen that the pressure and temperature following the
arrival of reflected wave Ps is constant for certain time,
until the arrival of the expansion fan which quenches the
shock-heated gaseous mixture. It follows from Figure 2
and eqs (1) and (2) that the temperature behind the re-
flected shock, T's, will be constant during this period.
Thus, in a single-pulse shock tube the reaction rates are
measured at Ps and Ts. If the sample section has only a
single molecule (could be a fuel), its thermal decomposi-
tion can be studied under these conditions. An internal
standard could be used to calibrate the temperature, if
needed’!'. If the sample section is loaded with a fuel—
oxygen mixture, ignition can start and one sees a sudden
pressure rise following Ps.

In order to check the suitability of the CST2 shock tube
for ignition-delay measurements, combustion of ethane—
oxygen gas mixture was investigated over temperatures in
the range 1250-1611 K. Studies have shown that the eth-
ane has shorter ignition delay than other linear chain,
branched, cyclic and ringed-structure hydrocarbons'>* and
it is in the range of submillisecond at this 7" range. Hence,
the length of the shock tube is adjusted to obtain a dwell
time of about 1.5ms. An ethane—oxygen mixture was
taken at an equivalence ratio (¢) of 1 and diluted with ar-
gon for a desired concentration. The gaseous mixture was
allowed to mix for 2-3 h in the sample portion between
the ball valve and the end of the driven section, to make a
homogeneous mixture. The rest of the driven section was
filled with argon at the same pressure as the sample pres-
sure. The ball valve was opened fully just before the
bursting of the diaphragm. Since the pressure levels on
either side of the ball valve were equal, the mixing of the
sample gas with argon gas before the arrival of the shock
wave is negligible. In all the experiments, both driver and
driven portions are pumped down to below 1 x 10~ mbar
prior to the loading of the helium driver gas and the sam-
ple gas respectively. Some experiments with equivalence
ratio of 0.5 were carried out as well.

The ignition delay was simultaneously measured by
using two techniques. The combustion of the ethane—
oxygen gas mixture due to heating by the passage of the
reflected shock in the sample region enhances the pres-
sure in the region. This rise in pressure recorded by the
sensor located in the port opposite the optical port shown
in Figure 1, indicates the onset of ignition, and time in-
terval between the starting of Ps pressure signal and the
onset of ignition is the ignition delay. Ignition of all hy-
drocarbon fuels leads to the production of CH radicals in
excited electronic state, which is rapidly quenched. Emis-
sion from the electronically excited CH can be observed
as an independent measure of ignition delay. The CH
emission range extends from 420 to 440 nm, and its high
intense first-order emission lies at 431.5 nm. Hence the
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monochromator interfaced with shock tube through optical
fibre bundle is centred at 431.5 nm wavelength. The CH
emission signal from the ignition of ethane—oxygen mix-
ture is recorded in real time using DSO. Figure 3 shows the
typical oscilloscope traces for pressure and CH emission
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Figure 3. Typical experimental signals recorded showing CH emis-

sion (upper trace) and pressure rise (lower trace) for ethane ignition.
The time difference between the arrival of the reflected shock (second
jump) and the pressure rise/CH emission due to ignition is the ignition
delay.
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Figure 4.  Arrhenius plot for ignition-delay data for C;Hs—0; mixture
of equivalence ratio 0.5.

Table 1.  Arrhenius parameters for ignition-delay data on C;H;—O;
¢ T(K) —log 4 Fa (keal/mol) Reference
1.0 14481887 4.59 39.6 23
1.0 1204-1700 212 31.1 24
1.0 1310-1611 3.26 38.0 Present study
0.5 14481887 2.11 31.1 23
0.5 1265-1767 2.54 322 Present study
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profiles. Here the ignition delay time is defined as the
time interval between the arrival of the reflected shock-
wave front and the onset of CH emission/pressure rise.
Evidently, the ignition-delay time measured from the CH
emission is the same as that from the pressure trace, as
has been noted earlier by Davidson and Hanson'®, The
delay corresponding to this signal 1s 930 ps at a tempera-
ture of 1296 K. The dependence of the ignition-delay
time on the temperature and pressure was investigated by
performing experiments in the reflected shock mode over
a temperature range of 1265-1767 K and pressure range
of 8-19 atm. Temperature dependence of ignition delay is
usually interpreted using an Arrhenius equation and logz
vs 1/T plots are linear, if such an approach is reasonable.
Figure 4 shows a representative Arrhenius plot for the ig-
nition-delay data for ethane—oxygen of equivalence ratio
0.5. Here the slope is positive, unlike in tvpical Arrhenius
plots of rate constant vs 1/7, showing a negative slope.
Ignition delays decrease with increasing T and the rate
constants usually increase with increasing 7. From Figure
4, the effective activation energy for C,H; ignition is de-
termined to be 32.2 keal mol™. Our experimental results
are given in Table 1 along with previous reports on the
ignition delay of C,H;. The agreement between our re-
sults and the earlier reported results is reasonable giving
us confidence in the newly established shock tube facility
for ignition delay measurements.

Davidson ef al."” and Oehlschlaeger et al.’® studied
CH-radical emission from the combustion of jet-propulsion
hydrocarbon fuels and various aliphatic hydrocarbons in
reflected shock conditions at temperatures in the range of
1177-2009 K and pressure in the range of 1.10-12.58 atm.
Their prediction of ignition times and CH, OH concentra-
tion time histories are helpful for modelling oxidation
mechanisms for seven branched alkanes and serves as a
unique database for wvalidating hydrocarbon oxidation
mechanisms of propulsion-related fuels. It is planned to
use this shock-tube facility for producing ignition delay
and chemical kinetic data for fuels of interest to DRDL
and ISRO. It is hoped that the results from such investi-
gations will be useful in the ultimate design of hypersonic
vehicles.

Chemical shock tube CST2 has been established for
measuring the ignition delay for chemical reactions oc-
curring at high temperatures and pressures. The ignition
delay can be measured simultaneously by observing the
pressure rise in the sample section as well as by monitor-
ing light emission from the CH radicals initiated by the
onset of ignition of fuel/oxygen mixture. Experimental data
presented here for the ignition of ethane—oxygen mixture
demonstrate the capabilities of the shock tube for measur-
ing the ignition delay over a wide range of temperature
and pressure. The facility is currently being used to study
the ignition delay and chemical kinetics of a high-energy
density fuel (JP-10), which 1is being considered for use in
future scramjet and pulse-detonation engines.
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