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Abstract

We propose two simple models for evaluating the role of diffusion in the shear layer behind the triple
point in the decaying portion of a detonation cell. Both models are based on an idealized detonation cell
cycle, with imposed detonation speed profile. Following the standard triple-point analysis at the shock
front, time-accurate integration of the species evolution is carried out using a detailed reaction mechanism
and simplified models of mixing. The first model examined considers fast mixing of the fluid across the
shear layer behind the triple point to map ignition enhancement as a function of mixture fraction. The
second model is to treat the mixing layer as a one-dimensional, temporally-developing diffusion layer.
Both model and simulations show that the effect of diffusion at the shear layer in the decaying portion of
a detonation cell depends, as expected, on the activation energy of the reacting mixture. Negligible for
regular detonation parameters, diffusion is found to significantly shorten the colder layer ignition delay in
high-activation energy mixtures. Laminar flames are observed to emerge from the temporally developing
shear layer in some cases.

1 Introduction

The standard detonation reaction structure, where convection balances chemical reaction, can be justified by asymp-
totic analysis (Clarke, 1983, 1989) and numerical studies (Singh et al., 2003), which show that molecular and thermal
transport effects can be neglected in one-dimensional detonation waves. In reality, detonation propagation is intrin-
sically three-dimensional with waves moving transversely to the main front. The resulting triple-points at the wave
front create shear layers where thermal and mass diffusion may play a role.

The present work is motivated by Schlieren and PLIF images of shock configurations and OH reaction front
structures in highly irregular fuel-oxidizer mixtures (Austin et al., 2004). Contrary to the smooth flow features
of regular detonations (Pintgen et al., 2003), reaction fronts and shear layers in these images are highly wrinkled,
with disorganized features suggesting that velocity and density fluctuations occur on a scale much smaller than the
dominant cell width. With the appearance of these features, it is possible that diffusion can compete with convection
as a transport mechanism and augment ignition and combustion. This is particularly relevant to to the propagation
of irregular detonations because of the highly nonlinear coupling between fluid dynamics and chemical processes
due to the high value of the effective activation energy, see Ul'yanitskii (1981). In irregular mixtures, temperature
fluctuations of shocked fluid particles are strongly amplified by the chemical reactions, resulting in ignition delays
that can provide a window of opportunity for diffusion effects to compete with convective adiabatic processes.

In this study, we suggest two very simple approaches to evaluate how diffusive molecular transport of radicals and
energy could play a significant role in the combustion mechanism of detonations. In the first part of this paper, we
propose a zero-dimensional model for bounding the possible role of diffusion in the decaying portion of a detonation
cell; in the second part, we examine a more realistic one-dimensional model. Both models are solved numerically
using detailed reaction networks with realistic rate constants and thermophysical properties.

*This work was carried out at the Caltech ASC Center for Simulation of Dynamic Response of Materials and funded by Contract
B341492 under DOE Contract W-7405-ENG-48.
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Figure 1: Frame (a): Three-shock structure. Solid lines separate the undisturbed state (1) from the shock-compressed
state behind the incident shock (2), the reflected shock (3), and the Mach stem (4). The dashed line represents the
shear layer, and the two dotted lines are examples of particle paths. Frame (b): Idealized cell shape as described
by two triple-point trajectories (thicker solid lines) symmetric with respect to the dash-dotted line. Also shown is a
representative three-shock structure (thinner solid lines) at two distinct locations.

2 Homogeneous Mixing Ignition Model

Consider the simplest picture of regular cellular structure (Figure 1a), where a shear layer separates fluid particles
that are compressed by the Mach stem (to state 4) from fluid particles that are compressed first by the incident
shock (to state 2) and then by the reflected shock (to state 3). We will refer to these compressed states as the “hot”
and “cold” streams, respectively, keeping in mind that the label “cold” may indicate temperatures that are much
greater than the initial temperature 77.

Our analysis is based on time-accurate constant-volume explosion calculations of shock-compressed fluid particles
directly downstream of the triple point. When applied to regular detonation cells, this approach has lead to successful
prediction of the keystone region shape of OH concentration Pintgen et al. (2003). The three-shock structure
is computed using perfect-gas shock-polar analysis and the idealized detonation cell model of Figure 1(b). The
calculation is simplified by assuming a constant angle ¢ between the triple point trajectory and the incident shock,
and by neglecting shock curvature.

To bound the effect of diffusion on ignition, we assume first that the mixing between the two streams is infinitely
fast. This is the homogeneous mixing ignition model (HMI) introduced by Knikker et al. (2003). The composition of
the mixed material is defined by the mixture fraction Z of the cold stream and (1—Z) of the hot stream. The mixture
enthalpy is by, = Zheota +(1 — Z) hpot and the mixture composition (mass fraction) is Y., = ZY cora+(1 — Z) Yhot-
Figure 2 shows the results of calculations carried out for a detonation in CoH4-305-8Ns5. Post-shock temperatures
T5 and T (and pressure P; = Pj) define the initial conditions of the cold and hot gas. The temperature history is
calculated with standard gas-phase chemistry models Kee et al. (1987, 1989) and a numerical solution (Shepherd,
1986) to either the constant-pressure or constant-volume explosion model.

In Figure 2(a), computed temperature histories are shown for for Z =0 (hot stream only), Z =0.50, 0.80, 0.95,
and 0.99, showing that even a small amount of mixing can drastically reduce the time to ignition of the mixture.
We define the adiabatic induction time 7¢V as the time necessary to reach 90% of the particle’s peak temperature in
constant-volume combustion. In Figure 2(a), the hot stream reacts after an induction time of less 5 us, whereas the
cold stream reacts much later, after 100 pus (with the GRI-Mech 3.0 mechanism by Smith et al., 1995). Similarly to
7¢ . we define 7H#MI as the time necessary for the temperature to rise to 90% of the peak value in constant pressure
combustion.

The mixture examined in Fig. 2, classified as strongly unstable (Austin, 2003), exhibits large lead shock oscilla-
tions, and front-reaction zone decoupling in the terminal portion of the detonation cell. The normalized activation
energy is § = E,/RT,n =12.4, where R is the universal gas constant and T, the von Neumann (post-shock) tem-
perature. Shock polar analysis is carried out with track angle ¢ = 33° at a point located at 60% of the cell length.
The resulting temperatures are T3 = 1276 K and 7y = 1535 K; the pressure is 6.561 atm.

Figure 2(b) shows the ignition times, 779, and 7%, computed by assuming a linear decrease of detonation speed
from 1.4 D¢y, at the beginning of the cell, to 0.7 Doy at the end. Superimposed on the plot are the values of
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Figure 2: (a) Constant volume combustion of hot and cold stream (dotted and dashed lines respectively), and
constant pressure combustion of four different hot stream-cold stream mixtures from Z = 0 (only hot stream), to
Z = 0.50, 0.80, 0.95, and 0.99 for CoH4-302-8Ny (P, = 6.67 kPa and T7 = 298 K). (b) Fast flame and diffusion
flame ignition times as a function of non-dimensional distance from the cell apex for the same mixture. Constant
volume adiabatic ignition time from post-shock state 3 (¥ symbol) and 4 (A symbol); constant pressure adiabatic
ignition time from homogeneous mixing at Z = 0.50 (O symbol) and Z = 0.95 ({ symbol).

THMI(0.5) and 7HM1(0.95), evaluated by assuming constant-pressure combustion after a delay 7£%,/10 after the
shock passage. The shaded area in the diagram shows the region where 759, > 7HMIL_ Tts width is almost one
decade in time in the decaying half of our idealized cellular structure, showing that very modest amounts of mixing
can accelerate the cold stream ignition by a factor of 10. This result reflects the high effective activation energy of
the mixture under consideration. Similar calculations for regular mixtures (for instance, 2Hy — Og — 7Ar, not shown
here), yield 7HMI curves that are all very close to the 759, curve.

Also shown in Figure 2(b) is the time 7'9°? necessary for a particle traveling at the post-shock particle speed
ug to cover 100 times the induction length of the reference CJ-ZND profile, A. This arbitrary multiple of A is a
reference time scale for “effective” energy release by the reactants, which has to occur within one cell length scale
(approximately 200-300 times A) to push ahead the lead shock.

The large time scale separation between 77}, and 777, suggests that molecular transport and thermal diffusion
mechanisms can play a role in shortening the mixture ignition time in the decaying portion of a detonation cell.
Figure 2(b) shows a ratio 759,/7¢%, &~ 100 at 60% of the cell length. After the 80% point, 759, > 752, > 71004,
implying that adiabatic shock compression is not an effective mechanism for ignition.

3 One-Dimensional Model

The time scale estimates described in the previous section ignore the finite time required by diffusion to take place
across the shear layer. A slightly more realistic model is to assume that the shear layer is temporally developing but
spatially uniform, ignoring the relative velocity of the two streams but including species and temperature differences.
This reduces the problem to a one-dimensional calculation that can be handled by methods developed for transient
laminar flames. To carry out these calculations, a second-order reactive Riemann solver developed by Deiterding
(2003) is augmented to include the effect of diffusion due to molecular transport with an operator splitting approach
where each integration step is computed as a sequence of convection, diffusion, and constant-volume combustion
sub-steps.

These computations include realistic transport mechanisms and rates. Species molecular transport is modeled
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Figure 3: Temperature and OH concentration profiles for a one-dimensional diffusion layer simulating ignition across
the mixing layer behind a triple point on an 2H5-O5-TAr detonation front. Time is measured from the point of shock
passage (dotted line: initial conditions).

according to Fick’s law, with diffusion velocities calculated from the species binary diffusion coefficients (Kee et al.,
1986, 2003). A correction velocity equal for all species is added to the convection velocity to ensure species mass
conservation. This implementation corresponds to the best first-order approximation of the exact diffusion problem
(Giovangigli, 1991).

Figure 3 shows temperature and OH concentration profiles computed for a 2H5-O9-7TAr mixture at 0.1990 atm
with the Miller & Bowman (1989) mechanism (also used in the following calculations). The initial conditions (dotted
line) mimic the discontinuity at the shear layer immediately after the passage of the lead shock. The initial width
of the interface, d = 0.02 mm, extends for 4 grid points (this rather coarse initialization was found not to affect the
results). At ¢t = 0, the hot and cold sides have same composition and pressure, with Ty, = 2258 K and Teoiq =
1949 K. The constant-volume ignition times are 7775, = 0.92 us and 755, = 1.6 us, with THMI ot appreciably smaller
than 75,. The simulation shows that the effect of diffusion on induction time is negligible for regular detonations.

Our next simulation is carried out for 2Hs-O5-8Ns at 3.352 atm. Compared to the argon-diluted case, this
mixture has a larger normalized activation energy (between 7.8 and 8.3, depending on the reaction model), and
can be classified as moderately to highly unstable. This larger sensitivity to flow conditions makes a meaningful
separation of convective and diffusive effects more difficult. It is instructive to consider the situation where the hot
stream has already reached its equilibrium composition after reaction while still being a reservoir of high-temperature
products and radicals. In Figure 4, time is measured after the complete burn of the hot fluid particle. At ¢t = 0,
Thot = 2213 K and T,,q = 1020 K (dotted line). At the condition specified for the cold layer, adiabatic ignition
would take place after 75y, = 1470 us. By including the effect of molecular and heat transport, a temperature bulge
appears in the first 47.5 us, followed by a fully developed laminar diffusion flame that steadily propagates toward the
cold layer. This result favorably compares with the estimate 771 (0.95) = 17 us from our zero-dimensional model.

We conclude with an example that separates the effect of OH radicals diffusion from the effect of thermal diffusion
only. Figure 5 shows the results of two calculations for the same initial conditions described above: the reference case
of premixed 2H-Oo-11Ny, with 777 (0.95) = 162 us; and the case where the hot layer is substituted by inert N at
the same temperature (dashed line). In the case where no radicals are initially available, the laminar diffusion flame
takes approximately 100 pus more to develop. Similar calculations of other cases show, however, much less sensitivity
to the radical concentration.
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Figure 4: Temperature and OH concentration for temporal development of a diffusion layer in 2H5-O5-8N5. Time is
measured after the complete burn of the hot layer (dotted line: initial conditions after the hot stream has reached
its equilibrium composition).

4 Conclusions

The intrinsic large separation of ignition time scales in irregular detonations has been examined here as a window of
opportunity for diffusion to compete with convective adiabatic processes. We have focused our attention to the shear
layer region behind the triple points on the lead shock, where regions of intense chemiluminescence have been observed
in experiments (in C3Hg-502-9N2 mixtures by Austin, 2003). Several issues have been ignored in our analysis, such
as the increase in exchange surface provided by shear layer instability. Features associated with Kelvin-Helmotz
instability have been consistently observed in Schlieren and OH fluorescence images of irregular detonations, but
obviously they cannot appear in our one-dimensional simulations. When tackling much more demanding multi-
dimensional calculations, however, our examples clearly suggest that the level of detail required in modeling mass
and thermal transport effects should increase with the effective activation energy of the reacting mixture under study.
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