Chemical Kinetics studies at high temperatures using shock tubes

B. Rajakumar,* D. Anandraj,? K. P. J. Reddy® and E. Arunan®**

"Department of Inorganic and Physical Chemistry, "Department of Aerospace Engineering, Indian Institute of Science,
Bangalore 560 012, India.
email: arunan@ipc.iisc.ernet.in

Abstract

Shock tube is an unique facility to create temperature gradients exceeding million degrees Kelvin per second. We have
established two shock tubes for measuring the kinetic reaction rates at high temperatures with two different but
complementary detection techniques. The first one is a single pulse shock tube, in which the reflected shock is used to
heat the molecules. The equilibrated products are analyzed by gas chromatograph and infrared spectrometer. The
second one uses laser-schlieren system for online monitoring of the chemical reactions behind primary shock wave.
The details of the shock tubes and some typical results obtained are presented in this paper.
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1. Introduction

Chemical kinetics has come a long way since Arrhenius found out the empirical relation between
the rate constant and temperature [1]. Today, physical chemists do research in state-to-state kinetics
in which the rates are measured for reactions with a reactant prepared in a single quantum state
transforming into a product in a single quantum state. State-to-state kinetics is very valuable for
determining the potential energy hyper-surface that controls the reaction and for fundamental
understanding in reaction dynamics [2]. However, the need for temperature-dependent rate constant
KT) in practical systems such as combustion, explosion, detonation, etc. is pertinent even today.
Chemists have always been looking for ways to improve the performance of a fuel, a propellant
or a fire-retardant. Ethanol has been used as a fuel additive for over 20 years in many countries
[3] and recently the Government of India has also issued a directive to add it to petroleum products
to be used as fuel in automobiles. Also, the effective fire-retardant methyl bromide (halon) and
acrosol propellants (freons) have to be replaced as they cause stratospheric ozone depletion [4].
Naturally, as we learn more about the nature of the chemicals used in these commercial
applications, there will be a need to develop alternatives. It will be important to study these
chemicals in the laboratory under conditions pertinent to the real situation. In this regard, shock
tubes offer unique features to enable such studies in the laboratory.

Shock tube is by no means a modern technique. It has been used for the last several decades
with applications in chemistry, physics, material sciences, and aerodynamics and biology, as
well. International biennial symposia are held on the development and applications of shock
tube technology and the proceedings [5] from the symposia are useful sources of references. A
comprehensive three-volume handbook has been produced in 2000 [6]. There is a vast body of
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literature available not only on the design and performance of the shock tubes but also on the nat-
ure of the shock wave and its interaction with the test gas. In India, shock tube facilities have
been established at a few laboratories at the Indian Institutes of Technology and the Indian Institute
of Science [7]-[9]. However, so far ‘chemists’ have not exploited the unique capabilities of the
shock tube in India. Realizing the importance of a fruitful collaboration between the Aerospace
Engineering and Chemistry departments of the IISc, we have established a high-temperature
chemical kinetics laboratory with two dedicated shock tubes. This paper describes the details of
the newly developed facilities, highlighting the important differences between our design and
the existing ones along with some typical data obtained using these facilities.

2. Chemical (single pulse) shock tube: CST-1

The chemical shock tube, CST-1, is an aluminium tube of 50.8 mm diameter. It has 1.3 m long
driver section and 2.6 m long driven section separated by an aluminium diaphragm. The length
of the driver and/or driven section could be varied by adding small segments (Fig.1). Two
homemade platinum thin film thermal sensors, mounted 0.3 m apart towards the end portion of
the driven section are used to measure the shock velocity. The outputs from the two sensors
trigger a counter (HP 5314A) to start and stop counting. The output from one of the sensors is
also used as the trigger source for the digital oscilloscope (Tektronix TDS 210) which collects
the pressure signal from a piezoelectric transducer (Kistler 601A) mounted at the end of the
driven section. Thus the shock velocity could be independently measured using the scope and
cross-verified with that measured from the timer. Helium is used as the driver gas.

The sample is loaded into the driven section as a dilute mixture in argon at a pressure, Py and
temperature T;. The diaphragm is ruptured by increasing the pressure P, in the driver side, which
creates a normal shock wave travelling through the sample gas in the driven side. At the same
time, an expansion fan travels into the driver section in the opposite direction. The temperature
and pressure of the sample gas is raised to T> and P, by the passage of the primary shock wave.
The heated gas travels behind the normal shock wave at a slower velocity than the shock wave
velocity. The contact surface separates the shocked test gas from the driver gas. The spacing

DP DF

l 1

Fig. 1. Schematic diagram of the CST-1: DP- 6” Diffusion pump; Dr-Driver section; DSO-Digital storage oscilloscope
Tektronix, TDS 210; Dn-driven section; S—sample chamber; T1 and T2-homemade thermal sensors; T-HP 5314A

counter; P—pressure transducer, Kistler model 601A; BV-ball valve; GC-HP 6890° gas chromatograph with FID
detector.
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between the contact surface and the shock front (i.e. the test gas region) increases along the
length of the driven section. The primary shock is reflected at the end flange and the reflected
shock wave further raises the temperature and pressure of the test gas to 75 and Ps, respectively.
The sample is kept at this temperature until the expansion fan passes through the contact surface,
resulting in sudden drop in temperature and pressure. Cooling rate of 1 x 10° K s is achieved
easily. Thus, the reflected shock produces a high temperature pulse with a rise time of about 1 us
and pulse length which can be varied from 0.5 to 1.5 ms. Hence, such shock tubes are known as
single pulse shock tubes (SPST). If the reflected shock wave meets the contact surface before the
arrival of the expansion fan, it can lead to complicated interactions between the two depending
on the impedance of the two regions. In the single pulse shock tube, the driver gas is typically
much lighter (hydrogen or helium) than the driven gas (argon or krypton). It ensures that the
interaction between the reflected shock and the contact surface results in an expansion wave
cooling the test gas. Moreover, two attachments to the shock tube are used and they are discussed

Firstly, a dump tank is used for producing an expansion fan as well as for ‘swallowing’ the
cold driver gas preventing the mixing of the driver and driven gases. It also prevents multiple
reflection of the shock. In the original version of SPST, the dump tank was placed at the end of
the driver section [10] but later on it was placed near the diaphragm in the driven section. The
operation of the dump tank near the diaphragm was never fully understood [6] but the pressure
trace measured near the end flange showed that the heating pulse was well defined and the
cooling rate was good in the presence of the dump tank [11]. Another attachment that is common
to the SPSTs is a ball valve near the end section [12]. The ball valve is essential to have a well-
defined pulse length or dwell time, as it is commonly referred to in SPST literature [13].

Several calibration experiments were carried out in our laboratory to refine the design of the
SPST. It was noted that with P; above 350 torr and a driver to driven length ratio of about 2, a
well-defined pulse of about 600 us could be produced near the end flange as measured by the
pressure transducer. A numerical simulation using ideal one-dimensional shock relations [14]
was also carried out for our shock tube conditions. It was found that the sample gas in the 2.6 m
long driven section was compressed by the primary shock wave to about 0.8 m long region, i.e.
the distance between the contact surface and the shock front was 0.8 m when the primary shock
wave reaches the end flange. This is the primary reaction zone. The computed pressure jumps
due to the primary and reflected shock waves at locations 3.5, 3.7, 3.85 and 3.9 m in the shock
tube are shown in Fig. 2 (The distance measured from left to right in Fig. 2. The diaphragm is at
1.3 m and the end flange is at 3.9 m). As is evident from this figure, the pulse length varies from
a maximum at the end flange to nearly zero within the primary reaction zone, depending on the
location at which the expansion fan meets the reflected shock. Even at 3.5 m, well within the
primary reaction zone, the reflected shock arrives after the expansion fan and the sample in this
region never experiences the reflected shock. It is clear that a significant fraction of the sample
gas in the primary reaction zone will not feel the reflected shock at all. In our design, the ball
valve is placed 0.3 m from the end flange and the sample gas is loaded only in this section. The
region between the ball valve and the diaphragm is filled with argon only to a slightly larger
pressure. The ball valve is opened seconds before rupturing of the diaphragm. The sample gas in
this section is compressed to within 9 cm from the end flange and the pressure transducer is
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In SPST experiments, an accurate estimate of T is essential for measuring reliable kinetic
data. However, the ideal shock relations [15] used for determining reflected shock properties are
not valid due to several reasons such as real gas effects, boundary layer problems, exo/
endothermicity of the chemical reactions, etc. Chemists have established a convenient way to
work around this problem. It is known as the internal standard method. In this method, a molecule
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Table I

The temperature behind reflected shock wave
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Here, a = (,+1)/(y~1) and B, = (y,~1)/2y,. As is evident from Table I, this method of
evaluating T is better than the one using the primary shock velocity only. It is closer to the
kinetic temperature measured using a standard chemical reaction, Table I includes results from
such measurements which used 1,2-HCI elimination from ethyl chloride (EC) as the standard
reaction. In this method, T is defined as:

T5 -4 .
Rln(%i) o

Arrhenius parameters (A and E,) for this reaction are well established [18] and. measunng the EC
by gas chromatograph before and after the experlment gives k.

The SPST set-up can be used to measure the thermal rate parameters of chemical reactions
between 800 and 1500 K for dwell time ranging from 0.5 to 1.5 ms. The CST-1 has been used
recently to study the thermal decomposition of 1, 2-dichloroethane which is an important industrial
process for producing vinyl chloride [16]. It is for the first time that the kinetics of this reaction
was studied without complication arising from wall collisions. Currently, thermal decomposition
of haloethanols such as FCH,CH,OH and CICH,CH,OH is being studied. These can decompose
. by HF/HCI elimination, H,O elimination or C-C dissociation.

3. Chemical shock tube—~CST-2 and laser-schlieren facility

According to Kiefer “of all the various diagnostics devised for kinetic studies in shock waves,
laser-schlieren technique makes perhaps the greatest use of the special nature and capabilities of
the shock tube” [19]. In the SPST, the kinetics is deduced indirectly by following the equilibrated
products after the heat pulse produced by the reflected shock wave. As all the products can be
analyzed, it gives a comprehensive outlook for the reaction. However, none of the reactant,

product or intermediate is followed in real time. In contrast, the laser-schlieren technique is a
real-time technique. It is based on the fact that a ray of light traversing any medium having a
refractive index gradient normal to the propagation direction will be deflected. Endothermic
reactions initiated by shock heating lead to an axial density gradient in the shocked gas. Under
typical conditions of the experiment, this density gradient is directly proportional to the angle of
deflection. It is also linearly related to the rate of reaction in the post-shock flow [19]. Thus,
measuring the deflection of a light ray as the primary shock passes through the observation
window leads to the rate of the physical/chemical change directly. Almost all the Iaboratories:
that have developed the laser-schlieren technique use the output of a He-Ne laser for measuring
the deflection. In this technique, the primary shock wave is used for instantly heating the molecules
to temperatures in a wide range from 360 to 3600 K. The time scale is much smaller, typically 10
us or less.

The CST-2 in our laboratory is made of stainless steel tube of diameter 39 mm. It has 1 m
long driver and 3 m long driven sections. Neither a ball valve nor a dump tank is needed as only
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the primary shock is used for heating and the observation is made in real time. The physical/
chemical change is followed in the primary reaction zone at P, and T for 10 us only and hence
the reflected wave and all the other complications do not affect the experiment. An optical window
is placed at the center of a separate section of the shock tube that is 0.2 m long. Two pressure
transducers (0.2 m apart) and two thermal sensors (0.5 m apart) are used for measuring the shock
velocity. The pressure transducers are mounted on either side of the observation window to
record the pressure history as well. The thermal sensors are mounted in the last section of the
shock tube. It is important to ascertain that the shock wave is fully formed but has not started
deteriorating at the observation point. The schematic diagram of the CST-2 is shown in Fig. 4.

The output from the He-Ne laser at 632.8 nm (maximum power 10 mW) passes through the
shock tube and falls on a quadrant photodiode in which the quadrants are paired. The diameter of
the beam is 1 mm at the windows. The signal from the quadrant diode is differentially amplified
and fed to an oscilloscope (Tektronix, TDS 230). The detailed electronic circuit used for the
detection set-up is given in Fig. 5. The path length is about 4 m and the laser beam nearly fills the
active area of the diode, which is 2 mm. Before the shock wave arrives, both pairs of the diodes
get the same signal and the differential amplifier gives a null signal. As the shock wave travels
through the observation window, the laser beam is deflected following any density/refractive
index gradient. From this signal the rate of the physical/chemical change can be directly
determined. Rotatable mirror is used for calibrating the voltage signal as it can provide well-
characterized angular deflections.

Driver section Driven section
He Ne
. L
Diaphragm A
S
Gas cylinders Diffusion pump E
— - ‘{l ]lé :
A ~Thermal sensors
@ < - P B ~ Pressure transducers
C - - C - Windows
R ' j -
0 l _ /
Silicon quadrant photodiode Rotatable mirror . -

Fig. 4. Schematic diagram of the CST-2 with laser-schlieren detection.
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Fig. 5. Electronic circuit diagram for the detection set-up in the laser-schlieren experiment.

Several experiments have been carried out to test the operation of the CST-2 and the laser-
schlieren system. The schlieren signal observed with pure argon (not shown) in the driven section
was in excellent agreement with earlier report [20]. This method has been used for measuring
rates of vibrational relaxation and that of chemical reactions [19]-[22]. The schlieren signal
observed in O, is shown in Fig. 6. Kiefer has discussed in detail the procedure for extracting
vibrational relaxation time, 7, from this signal which gives the laboratory relaxation time, 7; [19].
Usually, the quantity Pr is reported where p is the pressure. It depends only on temperature and
composition.

C
Pt =Pr, C;:[_P_] ®)

P o

Here, C; is the total equilibrium heat capacity, Cp is that with vibration frozen, p and p, are
the equilibrium and initial density. The schlieren oscillogram shown in Fig. 6 was obtained at
P =0.62 atm and T = 2008 K. The semi-log plot from this signal is shown in Fig. 7. It is fairly
linear (correlation coefficient 0.99) but there is evidence for some disturbances in the shock front
at later times leading to poorer S/N. A bi-exponential fit does not improve the correlation
coefficient. The P1 is determined to be 8.2 x 10 atm s in reasonable agreement with earlier
measurements (6.4 x 106 atm s) [19]. The schlieren signals obtained with pure Ar and O, confirm
that the experimental set-up is fully operational.

The laser-schlieren system is currently being used to study C-I bond-breaking reactions of
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Fig. 6. Laser-schlieren signal from O; at 7 =2006 K and Fig. 7. Semi-log plot of the voltage versus laboratory
P =0.65 atm. The initial oscillation is due to the arrival  time for the oscilloscope trace shown in Fig. 6.

of the shock wave after which the signal shows a single

exponential decay corresponding to vibrational relaxation.

Laboratory time zero is at the peak of the signal.

iodoalokanes such as CH,ClI, which are important in the atmosphere. The chloroiodomethane,
CH,CII, happens to be the second largest source of I atoms in the troposphere next only to CH,I
[23]. There have been numerous studies on this interesting molecule in the past few years {24].
The CST-2 will be used for studying the kinetics of reactions that are of interest in combustion
and atmospheric chemistry.

In laser-schlieren experiments, only the density gradient is measured and no information about
the exact chemicals/reactions is obtained. Hence, the reaction mechanism should be independently
established. If more than one reaction is contributing to the density gradient, computer simulation
will be required to determine the Kinetic parameters of all the reactions. In closing, reference is
made to a comprehensive review on kinetic studies in shock tube that appeared earlier this year
[25].

4. Conclusions

Active collaboration between the Departments of Aerospace Engineering and Inorganic and
Physical Chemistry has led to the development of a high-temperature chemical kinetics laboratory
at the Indian Institute of Science. Two shock tubes have been established that are complementary
in nature. One is designed as a single pulse shock tube, which is useful for comprehensive chemical
kinetics studies with a reaction time in milliseconds. The other uses real-time laser-schlieren det-
ection technique and can be used for studying faster physical/chemical changes in microsecond
time scale. Both are useful for simulating real-life conditions as in combustion, explosion or
detonation, wherein only a temperature can be defined.
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