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MODERN SHOCK TUBE METHODS
FOR CHEMICAL STUDIES IN HIGH TEMPERATURE GASES

R. K. Hanson,* A. Y. Chang,t D. F. Davidson**
High Temperature Gasdynamics Laboratory

Stanford University, Stanford, CA

Abstract in the UV (electronic rather than vibrational transitions),

thereby lowering the species detection limits considerably:

Recent improvements in shock tube methods will and (2) it confirmed the ability to monitor OH, which is a
allow more quantitative and direct determinations of high critical species for a number of important combustion
temperature chemical reaction rate coefficients than were reactions. Even in this initial demonstration, the use of
previously possible. In this paper we discuss and illustrate laser absorption enabled substantial improvements in Ol
two particular improvements, namely laser-based detection accuracy and sensitivity over previous diagnostic
absorption diagnostics for sensitive and accurate species methods. These diagnostics improvements have already
detection, and laser-photolysis of shock-heated gases for resulted in improved rate coefficient determinations.
direct preparation of molecular and atomic radicals. More recently, also in our laboratory, extensions of

Background this same general approach have been carried out to enable
cw dye laser absorption measurements of CH (at 431 nm)7

Shock tube measurements are the primary source of NCO (440 nm), 8 NH (597 nm), and NH (336 nm). 9

chemical kinetic data for gases at high tcaperature, Unfortunately, each of these measurements requires a
particularly above the temperature limit of heated steady- different dye laser arrangement, either in terms of
flow reactors (about 1500 K). During the past few years frequency-doubling crystal, laser dye, or laser optics, and
significant advances have been made in shock tube hence it is not always easy to change from detecting one
methods which enable more direct and quantitative species to another. Also, it is necessary to perform
measurements of elementary reactions than previously supporting spectroscopic calculations, and supporting
reported. Such refinements will lead to an improved laboratory validations, for each species to provide the
kinetic data base useful, for example, in modeling absorption coefficient as a function of temperature at the
nonequilibrium flows of air and combustion gases chosen transitions (wavelengths). Progress in developing
associated with advanced high-speed aircraft and and validating these new species diagnostics thus requires a
transatmospheric vehicles. Here we discuss two areas of substantial effort, but the long-term advantages of the
continuing activity in our laboratory, namely the improved methods in determining reaction rate coefficients
development of improved diagnostic methods based on cw clearly justifies the effort involved.
dye laser absorption spectroscopy and the development of a
new laser-photolysis shock tube for direct studies of A schematic diagram of the experimental
reactions involving reactive radical species. .-e arrangement employed for cw dye laser absorption of NH

/ at 336 nm is shown in Fig. I. In this case, a 5 W argon-ion
CW Dye Laser Absorption laser is used to pump a single-frequency ring dye laser

which emits about 0.5 W at 672 nm. This light is
The development of laser absorption as a shock tube frequency-doubled external to the ring cavity in a LilO3

diagnostic for reaction kinetics began about 10 years ago.) 2  crystal, yielding a final output power of about 5 mtcrowatts
In that early work, the laser source was a discretely-tunable at 336 nm. The UV light is single-passed through the 11.3
cw CO electric-discharge infrared laser, and fortuitous cm diam shock tube about 1.9 cm from the end wall, and
coincidences between CO laser lines and NO absorption low levels of absorption are monitored using a two-beam
lines formed the basis of the measurement. Subsequently differencing scheme.9  The nominal laser wavelength is
other fortuitous coincidences were identified to enable monitored with a wavemeter, but the final wavelength
quantitative detection of HO 3 and N2 0 using the same selection is made by peaking the absorption signal of a
laser source tuned to other emission transitions; detection small fraction of the beam passed through a flat flame
of excited-state populations of CO was also demonstrated4  burner which produces NH. Further details of the
in our laboratory and subsequently utilized in a number of experimental arrangement and strategies are given in recent
kinetics studies at the Naval Research Laboratory by Lin papers; 7 9 here we will focus on the detection sensitivity
and co-workers (e.g., see Ref. 5). The critical advantages which can be achieved with this measurement technique.
provided by laser absorption in these various studies were
the improved sensitivity and accuracy of the species The single-frequency laser absorption is governed by
concentration measurements relativ, to conventional Beer's law evaluated at the center of a Voigt-broadened
broadband absorption and emission r, :asurements. line in the electronic absorption spectrum of the species

under study. The relevant equation for the tractional
An important further improvement in the laser transmission of the laser light is

absorption approach was provided in 1983 (e.g., see Ref. 6)
when a cw UV dye laser was first coupled to a shock tube T = (I/Io), = exp(-,PX,L)
to enable measurements of the OH radical. This work was
significant for two reasons: (I) it demonstrated feasibility where 03, is the spectral absorption coefficient (cm-at),
for accessing the larger absorption coefficients which apply P is the static pressure of the gas mixture (atm), L is the

optical pathlength (one or two passes of the tube diam, 14.3
cm), and X,. is the mole fraction of the absorbing species.
The absorption coefficient is simply the product of an

*Professor, Mechanical Engineering Department; integr~a:zd line ;trength (cm'-atmt ) and the line-center
Memher, AIAA value of the lineshape function (cm); the former can be
'Research Assistant, Mechanical Engineering Dept. calculated directly from the electronic oscillator strength of
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the molecule and the latter can be calculated using a Voigt approach, an intense pulse of UV laser light is used to
lineshape function. Measurements of the collision- photolyze the precursor molecules, thereby instantly
broadening coefficient, needed for the Voigt calculation, converting a fraction of these molecules to the radical of
are made separately. The data reduction process is quite interest. In general this is done in the reflected shock
simple and involves converting each local value of the region of a shock tube, following shock heating, so that the
transmission directly to a value for the mole fraction of the subsequent reactions of the radical species occur at the high
species using Beer's law and the known values of L, P and temperature of interest.
Pv . The value of P is found from the initial pressure and
standard shock wave calculations in terms of the measured The method under development is similar in many
shock speed; the same calculations yield the post-shock respects to that used by reaction kineticists working with
temperature needed to specify the absorption coefficient, low temperature static cells. The major difference is that
In general, the accuracy of the inferred mole fraction is the shock tube provides a transient high temperature
limited primarily by knowledge of the relevant oscillator environment, and because the experiment is a single-shot
strength, which is typically 5%. event the diagnostics employed cannot be signal averaged

as is often done in low temperature work. Although our
Figure 2 presents calculated values of the absorption work is apparently the first based on laser photolysis in a

coefficient for several species of interest. These shock tube, there has been previous work in the shock tube
coefficients were evaluated at line center (or at the peak community in which a flashlamp was used to photolyze
absorption in the case of overlapping lines) using a Voigt molecules in shock-heated gases. Our hope is that the
profile and an assumed pressure of I atm. Note that larger greater monochromaticity and higher spectral intensities
absorption coefficients lead to better species detection available with laser sources will provide much more
limits, and hence diatomic species can generally be efficient photolysis and less ambiguity in the identity and
monitored at lower levels than triatomic species. In most quantum states of the photofragments produced.
cases, our detection limit is about 0.1% absorption (SNR =
1), and hence it is easy to estimate the lower level of The experimental arrangement employed in our
detection for a given species once the appropriate initial studies is shown schematically in Fig. 4. The
absorption coefficient has been calculated. For example, in photolysis source is an argon fluoride excimer laser which
the case of NH at 3000 K, and using the curve in Figure 2, provides up to 100 mJ of 193 nm radiation in a 25 nsec
the detection limit for single-pass absorption (14.3 cm) is pulse. The radiation is introduced coaxial with a probe
seen to be less than 0.1 ppm at a total pressure of I atm. laser beam used to monitor the time history of reactant or
By the way of comparison, the detection limit for OH near product species in the photolysis volume. Typical fluence
2000 K is below I ppm. These examples of detection levels are 10 to 25 mJ/cm2 in this transverse illumination
limits illustrate clearly the high sensitivity of the laser- mode. (Illumination along the shock tube axis is an
absorption method. Such high sensitivity allows study of alternative scheme which can be employed when the
very dilute systems which are relatively free of the absorption at photolysis wavelengths is suitably strong.)
complications which arise when several reactions are active
simultaneously. Thus far we have investigated: NH as a source of H,

NH and NH H 20 as a source of H and 6H; 02 as a source
An example data trace for NH absorption in a shock- of 0; HNC6 as a source of NH and NCO; and NO as a

heated NH 3-Ar mixture near 2700 K is shown in Fig. 3. source of N and 0. Critical elements in planning laser-
The initial mole fraction of NH 3 is 0.13%, leading to a peak photolysis shock tube experiments are knowledge of the
post-shock NH level of about 34 ppm. In this case, the absorption coefficient of the dissociating species and the
early-time profile is sensitive to the unimolecular quantum yield (i.e., the fraction of absorbed photons which
decomposition reaction for NH 3 and the subsequent yield dissociated products). In most cases the absorption
reaction H + NH 3 -- NH 2 + -i At somewhat later times, coefficient data are not available at high temperatures and
near the peak level of NH, other formation and must first be measured prior to reaction kinetics
decomposition reactions of NH come into play. By experiments. An example survey of the H2 0 absorption
controlled variation of temperature, pressure and initial coefficient for 193 nm radiation is shown in Fig. 6. Note
level of NH 3, several separate elementary reaction rate that the absorption is quite low at low temperatures but
coefficients can be determined in these experiments. increases to a value of about 1 cm -atm 1 at temperatures

above 2000 K. With the absorption coefficient known, it is
At present we are engaged in several studies which then fairly straightforward to select the appropriate test

involve the application of laser-based absorption to conditions.'0

determine rate coefficients of elementary combustion
reactions. These same methods should also be useful for An example data trace for the OH time history
studying high temperature reactions of air. following pulsed illumination of a shock-heated H O-Ar

mixture (about 1% H 0) is shown in Fig. 7. The OAi was
Laser-Photolysis Shock Tube monitored by cw dye laser absorption of the R,(6) line near

306.6 nm. In the case shown, the post-shock temperature
The second experimental technique to be covered in and pressure were 1810 K and 1.22 atm respectively, and

this paper is a new type of chemical kinetics shock tube. the laser pulse was fired about 60 microseconds following
The objective is to provide improved capability for shock reflection. The absorbed photons lead to
generating reactive radical species in shock tube instantaneous production of about 13 ppm of OH; an equal
experiments. This goal is motivated by the strong current level of H-atoms is forned siiultaneously. Subsequently,
interest in obtaining rate coefficient data for elementary the OH undergoes additional formation owing primarily to
reactions involving these species (e.g., radical-molecule the reaction of the H-atoms with residual H20. Thus the
and radical-radical reactions). At present the shock tube final level of OH is nearly twice that formed initially.
method employed in generating 'adical species invoTves
use of a precursor molecule which decomposes by thermal Owing to the low concentrations of all species except
reaction to produce the radical of interest. Unfortunately, H, OH and 1120 at early times, the dominant single reaction
this process often is coupled to many other simultaneous is H + H 20 -- H 2 + OH, and hence the measured OH time
pyrolysis reactions, with the result that interference history can be used to provide a direct, accurate value of
reactions often obscure the reaction of interest. In our new the rate coefficient which affects the level of OH for this

2



reaction. The conventional form for plotting rate 9. E. C. Rea, Jr., A. Y. Chang and R. K. Hanson,coefficient data is an Arrhenius diagram, and the results "Rapid-Tuning Laser Absorption Diagnostics forfrom our initial laser-photolyis experiments are plotted on Shock Tube Flows," Shock Tubes and Waves, ed. H.such a diagram in Fig. 8. The least-squares fit to the data Gronig, Weinheim, New York (1988), pp. 863-869.
shown is in good agreement with the limited data
previously available for the reaction. (The previous data 10. D. F. Davidson, A. Y. Chang and R. K. Hanson,were actually measured for the reverse direction of the "Laser-Photolysis Shock Tube for Combustionreaction and converted through use of the known Kinetics Studies," submitted to 22nd Combustionequilibrium constant.) Symposium (International) on Combustion, Aug. 14-

Conclusions 19, 1988, Seattle.

In this paper we have demonstrated the power of
laser methods for shock tube experimentation of reaction
kinetics, both for controlled production of reactant species
and for their detection. The combination of shock wave
heating with laser pump/probe strategies offers prospects
for detailed study of chemical reactions and nonequilibrium
phenomena at high temperatures of interest to the
aerospace community.
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