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Subcontinuum structures of reactive shock waves in gaseous H, /O, mixtures
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We present a molecular dynamics simulation of a Mach 5 reactive shock wave in a
stoichiometric gaseous H, /O, mixture. H, is compressed slightly ahead of O, to form two
separate shock fronts. Chemical reactions initiate during the O, compression, followed
by a postdetonation flow exhibiting a Zeldovich—-von Neumann-Déring-like structure.
To analyze the shock substructure, the profiles of state variables near the shock and the
postshock particle velocities of molecules are compared with those of a synthetic, inert
shock wave. The results indicate that the small H, to O, mass ratio causes the separation
of shock fronts regardless of chemistry, like those observed in rarefied binary gases, and
the velocities of the species relax before leaving the shock region, characterizing the
nonequilibrium H, /0, shock dynamics so that reactions are present but not as active as
they were without the separation.

DOI: 10.1103/y71z-563m

I. INTRODUCTION

The shock-induced chemical reaction (SICR) of energetic gases is of critical importance for
various applications, including power and transportation, high-pressure propulsion, and chemical
synthesis [1-15]. Among the various gases, hydrogen is attracting considerable attention as a
renewable fuel source [8,9,16-20]. In SICR, the rapid compression and heating of reactant gases
by shock waves can lead to explosive ignition. Understanding the coupled physics of reaction
and fluid dynamics is challenging due to the multiscale and nonequilibrium nature of the shock
wave with the thickness, as small as the molecular mean free path, propagating at a supersonic
speed.

Models of gaseous shock waves have been explored extensively through continuum and kinetic
theories based on the Navier-Stokes equations [21-24] and Boltzmann-type equations [25-37].
Boltzmann-type methods, including direct simulation Monte Carlo (DSMC), are capable of cap-
turing nonequilibrium gas dynamics beyond the reach of continuum models. These methods and
variants have been used to simulate SICR of endothermic dissociation in high-speed rarefied gas
flows [33-35]. Application to SICR of exothermic combustion has been highly limited except for
recent studies for H, /O, mixtures [38—40]. Detailed subcontinuum shock structures have not been
reported yet. In general, DSMC requires special attention to ensure convergence in near-continuum
flows [41] as well as to express recombination chemistry. Consequently, capturing the SICR of
energetic gases below the continuum scale remains a challenge.

With increasing computing power, it has become feasible to address shock dynamics at the
continuum scale by using first-principles molecular dynamics (MD) simulations. MD was used
to examine shock-induced structural and dynamic changes in condensed materials [42-46]. In
particular, SICR pathways and dynamic phase changes were simulated in condensed energetic
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materials [47-52]. In addition, MD techniques have been applied to shock waves in gases, such as an
idealized hard-sphere gas [53], Lennard-Jones monatomic and diatomic gases [54], and shocked air
with endothermic dissociation [55] including the effects of vibrational-translational nonequilibrium.
Nevertheless, MD of the SICR in realistic energetic gases has remained largely unexplored.

Here, we present the reactive MD simulation of SICR by a Mach 5 shock wave driven by
a moving piston in a square duct filled with a gaseous stoichiometric H,/O, mixture initially
quiescent at 1 atm and 500 K. Chemical reactions are modeled using the ReaxFF potential [56].
Since simulation of the timescale over which the shock reaches its stationary state remains computa-
tionally prohibitive, we focus on the period of ignition until the shock speed becomes approximately
stabilized. After ignition, the simulated MD field resembles the familiar one-dimensional ZND
(Zeldovich—von Neumann-Doring [57-59]) profile of detonation waves at the continuum scale,
while presenting the clear separation of the shock front of H, and that of O, within the mixture’s
shock wave; H; is compressed ahead of O, to cause the local fluctuation of the mixture ratio.
Reaction products are observed near and behind the H, shock front. To isolate the effect of reactions
on the shock structure, the same shock wave is simulated without H-O chemistry. This synthetic
case presents a lower shock speed as a result of the absence of exothermic heat release, but the
shock wave has a similar structure of separation. The separation can be associated with previous
models of shock waves of inert binary mixtures with a large mass ratio, exhibiting similar shock
structures due to anisotropic diffusion. Furthermore, the MD data show that, in both reactive
and inert cases, the H and O atoms initially present ballistic velocities greater than and smaller
than the shock speed of the mixture. This species nonequilibrium is relaxed in the shock region
before the mixture’s velocity is relaxed to the theoretical, Rankine-Hugoniot postshock value. These
results indicate multiscale physics in which the large difference in the postshock, nonequilibrium
velocities of H, and O, due to their distinct molecular masses creates the microscopic shock front
separation that can suppress chemical reactions within and further downstream of the shock at larger
scales.

II. METHODOLOGY

Reactive molecular dynamics (MD) simulations were conducted with LAMMPS [60] employing
the ReaxFF potential [56] to simulate the dynamic behavior of molecules, including reactants,
radicals, and products, in response to high-velocity shocks driven by a moving piston. ReaxFF
accurately models bond formation and dissociation. The domain was initially filled with a stoi-
chiometric H, /O, mixture at Py = 1 atm and 7 = 500 K, with zero mean velocity. Each molecule
is tracked in time ¢ in a rectangular domain in x-y-z Cartesian coordinates, with the shock wave
propagating in the 4z direction away from a moving piston initially at z = 0. The dimension of
the x-y cross section is 0.025 x 0.025 um?. The x and y domain boundaries are periodic. The
+z domain boundary is modeled as an adiabatic wall. To accommodate the propagation of the
shock wave without interference from boundary effects, the domain length in the z-direction, L.,
was dynamically extended by adding additional segments as the shock approached the domain
boundaries. The initial value of L, is 10 um.

The piston is initially positioned at the —z domain boundary. The piston speed is set constant at
2175.18 ms™! to collide with molecules to generate a shock wave. For the stoichiometric H, /O,
mixture, the shock speed driven by this piston velocity calculated under ideal gas assumptions and
in the absence of chemical reactions was found to be 2784.51 ms~!, corresponding to Mach 4. The
evolution of atomic distributions was tracked over 24 ns after the shock formation.

The simulations were conducted using the CHO-2008 force field [61]. The system was first
energy-minimized using the conjugate-gradient algorithm. It was then equilibrated for 25 ps in the
canonical ensemble (NVT) at 500 K using a Nosé-Hoover thermostat [62] (damping time of 100 fs).
During the NVT phase, reactions were deactivated. Following this, MD simulations were performed
under a microcanonical ensemble (NVE). A time step of 0.2 fs was used for both the NVT and NVE
simulations. Time integration was performed using the velocity-Verlet algorithm [63].
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Our transverse domain is several orders of magnitude smaller than the typical cell size of
a stoichiometric H,/O, detonation. Experimental measurements at 1 atm and 293 K report a
detonation cell size of approximately 1 mm [64—68]. Performing three-dimensional MD simulations
over millimeter scale domains incurs prohibitive computational cost. Therefore, our study is focused
on a one-dimensional, atomically resolved investigation of the shock front and the early stages
of shock formation, without attempting to reproduce the macroscopic cellular structure of the
detonation.

In the remainder of this article, streamwise velocities are calculated using the mass-weighted
formulation [29]

U;nix _ Z,‘ miN;v_ i ’ (1)
2 miN;

where m; and N; are the mass of the molecule and the number density of species i, respectively,
and v_; is the velocity of the molecule i in the z direction. This formulation ensures that heavier
molecules contribute proportionally more to the bulk velocity, reflecting their greater momentum.

The translational temperature is computed based on the molecular kinetic energy using the
relation

o2 o
= -\ 7miv; ),
s\ 2 Y

where kj is the Boltzmann constant, m; is the mass of the molecule, and v; denotes the velocity
fluctuation relative to the local mean velocity. - ~

We define the weighted number density of molecules as Nx p(Ny ), where Nx and p(Ny) are the
weighting factor and the probability (number) density of species X at position z, respectively. The
weighting factor is defined as Ny = Ny ,,Nx , to represent the total number of atoms in species X in
the domain, where Ny ,, is the total number of molecules of X, and Ny , is the number of all atoms
per molecule (equal to 1 for single-atom molecules).

III. RESULTS
A. Shock evolution

Figures 1(a)-1(d) show the space-time contour diagrams of the weighted number density for
representative reactant and product species. We observe the formation of the initial shock generated
by the piston propagating at a constant speed, followed by the emergence of radicals and products
at approximately 4 ns. Additionally, after 10 ns, H, and O, are reduced from the shocked region
and are predominantly present at the shock front. Approximately at 12 ns, the density at the shock
front reaches its maximum, and subsequently the shock accelerates, as indicated by the change
in the inclination of the curve in the figure. The density at the shock decreases thereafter, and by
around 16 ns the species concentration ratios at the shock front seem stabilized. Figure 2 shows
the evolution of the shock speed. We observe that the shock speed is transitioning from 2630 to
3500ms~!, between ¢ = 8 and 16 ns. This transition corresponds to the emergence of the overdrive
detonation wave.

Figure 2 further shows that the shock velocity does not actually stabilize but rather decreases
continuously from the maximum value of 3544.30 ms~! at 17.3 ns to 3432.26 ms~! at 24 ns. The
present piston-driven reactive shock wave is considered as an overdriven detonation wave, in which
the detonation parameters exceed the corresponding Chapman-Jouguet values. As a reference, the
wave speed of the steady, ZND detonation wave driven by the present piston speed for stoichiometric
H,/0; at 500 K and 1 atm, computed with the Hong et al. [69] mechanism in the SDToolbox [70],
is 3185ms~! at the overdriven factor of 1.15.

The present shock speed after ignition is thus faster than the wave speed of the steady, overdriven
ZND solution by 8%. This difference can be explained by the overcompression of the postshock
region between the piston and the shock. The present postshock length is only 20 nm, and this is
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FIG. 1. Contour of the space-time distribution for each species in a reactive H, /O, mixture during 24 ns
for (a) Ha, (b) Oy, (c) OH, and (d) H,O.

much shorter than the length scale of the pressure decay in the steady solution of more than 60 nm
(Appendix A).

We expect that, once the piston becomes distant from the shock, the postshock pressure is lowered
and the postshock state approaches the steady solution. Achieving the steady state in the MD
simulation would require a simulation time much longer than the present 24 ns, and it can become
prohibitively expensive. However, since the offset of the present wave speed from the steady solution
is small and the transient decay of the wave speed is smooth, we also expect that the structure of the
shock region is already stabilized and holds up to the steady state.
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FIG. 2. Evolution of the shock speed in the reactive H, /O, mixture, showing both the raw data (blue) and
the smoothed data (green).
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FIG. 3. (a) Visualization of molecular distributions on the xz-plane with a thickness along the y-axis of
2 x 1073 um at t = 20ns for the reactive H,/O, case. In the upper panel, all species are displayed in a
combined view with each atom plotted individually. In the lower panel, the distributions of H,, O,, OH, and
H,0 are shown, with each molecule represented by a single point located at its center of mass. (b) Density,
(c) pressure, (d) velocity, and (e) temperature profile. (f) Corresponding species distribution histogram, where
p(Ny) represents the probability density of species X at position z, weighted by the total atoms per species
Ny = Nx Ny 4, With Ny, being the total number of molecules of X, and Ny , is the number of all atoms per
molecule. The inset shows the same curve plotted on a logarithmic scale.

B.

The visualization of the reactive MD simulation is shown in Fig. 3(a) at r = 20 ns. The upper
panel presents a combined view of all species, where the H and O atoms are colored gray and red.
The shock wave is evident at z &~ 60 um, where the molecular density is high. In the postshock
region (—z side of the shock-region), the density decreases slightly with distance from the shock
front. The lower panel shows the distributions of major species H,, O,, OH, and H,O, with each
molecule represented by a single point at its center of mass. All visualizations correspond to a
projected view of the thin slice of thickness 2 x 1073 um along the y-axis. In the preshock region
at z 2, 60 um, the density of H, and O, remains comparatively low and uniform. At z 5 60 um, the
shock region of the mixture exhibits a significantly higher density. The densities of ‘both species
in the postshock region are smaller than those in the preshock region, and mildly decrease with

Stratified shock structure
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distance from the shock. Interestingly, the dense region of H; is positioned at z &~ 60 um, slightly
ahead of that of O; at z ~ 59 um. OH and H,O appear behind the shock region. Strong density
gradients for OH and H,O are not observed in the postshock region.

The mixture density, pressure, streamwise mass-weighted velocity, and translational temperature
along the z-axis are obtained from the data of Fig. 3(a) [Figs. 3(b)-3(e)]. The variables are
normalized by the preshock values denoted by (-)o. The shock speed is 3504.55ms~! att = 20ns
(Fig. 2). The plots are overall consistent with the visualization. As expected, the profiles in these
plots resemble the ZND structure. Further details on the comparisons with steady ZND solutions
are provided in Appendix A.

All variables remain flat in the preshock region and present steep gradients in the shock re-
gion. In the postshock region, density, pressure, and velocity decay and the temperature increases
with distance from the shock wave. This temperature increase is attributed to exothermic heat
release in the postshock region. The shock thickness is § &~ 1.17 um, where ¢ is defined as § =
—(Vz0 — V)] (%)mm [71]. In this expression, v, , and v, ; represent the velocities immediately

upstream and downstream of the shock, respectively, while (%)min denotes the minimum slope of

the velocity across the shock wave. The weighted number density of molecules, Ny p(Ny), along the
z-axis, is shown in Fig. 3(f) for major chemical species. The offset of the H, and O, shock fronts
is clear in this plot. Radicals and reaction products emerge mostly behind the H, shock front and
fully overlap with the O, shock front. Notably, H radicals appear with the H, shock front, while
O and OH radicals appear in the upstream along with the O, shock front, highlighting that the
shock-induced collisional enhancement within the shock front of each species drives corresponding
endothermic dissociation reactions. The early appearance of H radicals indicates that they are ready
to recombine with OH to form H,O as soon as OH appears. In fact, H,O appears with the OH
and O radicals without delay. In the postshock region, the fraction of products species rapidly
saturate and those of the radicals disappear with distance from the shock. Thus, chemical reactions
are indicated to occur within the shock region, as opposed to continuum theories that
typically assume no chemical reactions within the shock region, but the amount of re-
actions may be insignificant. The potential overlap of shock and reaction zones was
also pointed out in a previous study using MD [53]. Our conjecture is that, in the
present H,/O, mixture, the reaction in the shock region may be limited by the lo-
cal nonstoichiometric conditions created by the separation of the H, and O, shock
fronts.

C. Comparisons with a synthetic inert shock wave

Further analysis of the interplay of reactions and the shock structure can be cumbersome due to
simultaneous collision and reaction dynamics. Comparisons with a shock wave without reactions
may enable us to isolate the effect of reactions on the separation. To this end, we simulate the
same parameters as the H, /O, shock wave, but with artificially deactivated chemical reactions. The
space-time contour diagrams of the inert shock are presented in Appendix B.

1. Species distribution and velocity profiles

The distributions of H, and O, and the ratio Ny, to No,, p(Nu,/No, ), are shown in Figs. 4(a) and
4(b) for both reactive (a) and inert (b) cases. The ratio Ny to N contained in all species [ p(Nu/No)]
is also plotted in the reactive case [Fig. 4(a)] to account for the effect of consumption of H, and
O,. The translational velocities are shown in Figs. 4(c) and 4(d). The shock speed in the inert case
is found to be 2630.51 m s~ !, smaller than that of the reactive case, as expected due to the absence
of exothermic heat release. The inert postshock velocities remain constant at values lower than
the reactive case. Up to the tail of the O, shock front from the shock upstream, the distributions
of the plotted variables are similar between the two cases. The ratio p(Nu,/No,) varies with Hj
in the H; shock front and peaks within the shock wave [Figs. 4(a) and 4(b)], locally creating an
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FIG. 4. Comparisons of (a),(c) reactive and (b),(d) inert H,/O, mixtures at + = 20ns. (a),(b) Species
dlstrlbutlon showmg the number of H, and O, molecules and their relative ratio p(Ny,/No,) =
NH2 p(NHZ)/No2 P(No,), and (c),(d) velocity profiles for H, and O,, as well as the mass-weighed velocity of
the mixture.

H; rich condition. The growth of the velocity of H, is offset by O(1) um upstream of that of O,
[Figs. 4(c) and 4(d)]. The similarity of the two cases indicates that the shock separation is due to
the dynamics of the binary mixture but not directly to reactions. Such shock structures in rarefied
binary mixtures have been extensively studied using continuum and kinetic models [23,29,72], and
they are attributed to anisotropic diffusion that drives light gases to diffuse faster than heavier gases
in the mixture.

The regions of the shock-tail and the postshock regions present significant differences between
the reactive and inert cases. In the reactive case, behind their peaks within the shock wave, both
Pp(Nu,/No,) and p(Nu/No) show a rapid decrease with the increase in O, and drop below 2 at
z~ 59 um. In the postshock region, p(Ny/No) immediately recovers 2 but p(Ny,/No,) increases
with distance from the shock wave In the inert case, p(Nu,/No,) also drops with increasing O, but
without undershoot. These differences are now attributed to chemical reactions. The undershoot of
P(Nh,/No,) and p(Ni/No) can be explained by the reaction within the shock. At z ~ 60 um, H; in
the reactive case peaks at Ny, p(Ny,) ~ 5.5, smaller than the inert postshock value [NHo p(Nu,) ~ 7],
despite the greater shock strength. In agreement with the visualization [Fig. 3(a)], the consumption
of H;, and the exothermic expansion of radicals and products thus begin at the H, shock front,
even during compression of O,, creating locally the O,-rich region. The slight positive offset of
the velocity peak of H, from that of O, at z & 60 um in Fig. 4(c) also supports the argument that
the compression of H, terminates during the compression of O,. The large values of p(Ny,/No,) at
z £ 57 um are due to the relatively higher molar consumption of O, than H, in the postshock re-
action (2H, + O, — 20H + Hy). The mixture’s shock thickness of the inert case is approximately
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FIG. 5. Velocity distribution in the z direction of the center of mass for H, and O, in the reactive case
(a) downstream of the shock front; (b) immediately after the shock, where a demixing effect results in an
H, /O, ratio lower than 2; (c) at the shock front, where the H, /O, ratio reaches its peak; and (d) upstream
of the shock. The distributions have been slightly smoothed using a Gaussian filter (¢ = 1) to enhance
clarity.

1.25 um, slightly larger than the reactive case. Specieswise shock thickness can be computed based
on the velocity profiles in Figs. 4(c) and 4(d). In the reactive case, the shock thickness is 1.38 um for
H,, whereas it is 0.95 um for O,. In the inert case, these values are, respectively, 1.48 and 1.04 um.
The reduction of the shock thickness with reaction and the smaller shock thickness of O, than H,
are consistent with the classical theories that the shock thickness is inversely correlated with both
the shock strength and diffusivity [73].

2. Velocity distributions across the shock front

To further characterize the nonequilibrium behavior induced by the shock wave, we analyze
the distribution of translational velocities of H, and O, molecules in both reactive and inert cases
at several locations relative to the shock front. Figure 5 presents the velocity distributions in
the z direction of the center of mass for H, and O, at various locations relative to the shock
front. Upstream (d) and downstream (a) of the shock, the velocity of both species exhibit a
Maxwell-Boltzmann distribution, with mean velocities centered around zero (for the stationary
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FIG. 6. Velocity distribution in the z direction of the center of mass for H, and O, in the inert case
(a) downstream of the shock front, (b) at the shock front, where the H,/O, ratio reaches its peak, and
(c) upstream of the shock. The distributions have been slightly smoothed using a Gaussian filter (¢ = 1) to
enhance clarity.

preshock gas) and the piston velocity (for the postshock gas), respectively. The variance of these
distributions corresponds to the expected thermal equilibrium temperature, indicating that the flow
in these regions is in a near-equilibrium state. In the region immediately after the shock (b), the
velocity also follows a Maxwell-Boltzmann distribution, suggesting that the demixing observed in
the species concentration does not significantly affect the velocity distribution. In contrast, at the
shock front (c), where the H, /O, ratio reaches its peak, the velocity distribution deviates from the
Maxwell-Boltzmann form. The distribution appears asymmetric and exhibits a bimodal structure.
These results are consistent with previous studies of inert shock waves [54] reporting velocity
distributions upstream, downstream, and at the shock front. Their study revealed similar trends,
showing Maxwell-Boltzmann distributions before and after the shock, while highlighting deviations
and bimodal structures at the shock front.

Figure 6 shows the velocity distributions in the z direction of the center of mass for H, and O,
in the inert case, at different locations relative to the shock front. Similar to the reactive case, the
velocity distributions upstream (c) and downstream (a) of the shock exhibit a Maxwell-Boltzmann
profile, with mean velocities centered around zero and the piston velocity, respectively. Likewise,
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at the shock front (b), the velocity distribution deviates from a pure Maxwell-Boltzmann profile,
displaying a bimodal structure similar to that observed in the reactive case.

Therefore, in both the reactive and inert cases, the velocity distributions follow a Maxwell-
Boltzmann distribution whether the concentrations are stoichiometric or not, and only at the shock
front does a bimodal distribution appear. Chemical reactions, therefore, have only a negligible effect
on the relaxation of molecular velocities toward equilibrium.

3. Mean postshock particle velocity

To gain further insights into the nonequilibrium transport that leads to the unique shock sub-
structure, we analyze the streamwise particle velocities of H and O atoms immediately after their
interactions with the H, shock front. To obtain the postshock particle velocities, all molecular
trajectories were first time-aligned so that # = O corresponds to the instant each particle experiences
the shock. This alignment ensures that the extracted velocity traces reflect the statistical ensemble
of the shock response in time. The shock thickness measured for H, is used to determine the exit
time for H,, while the shock thickness measured for O, is used to determine the exit time for O,.
This approach is justified by the substantial mass difference between H, and O,, as the H, shock
may not impart sufficient momentum to O, to trigger shock compression.

The ensemble-averaged streamwise particle velocities of the H and O atoms are, respectively,
plotted in Figs. 7(a) and 7(b). In each plot, the results of the reactive and inert cases are compared,
along with the piston velocity. The insets present zoom-in views near the shock event (#, = 0).
The shock residence time 7, (average time taken to exit the shock region) and the mean free time
(average time taken to travel mean free path) 7,, are denoted using ¢ and %, respectively. In the
reactive case, T, = 2.02 ns for H, whereas 7, = 0.78 ns for O. In the inert case, the corresponding
values are t, = 2.57 and 1.21 ns, respectively. In the reactive case, 7, is estimated at (7, P) ~
(5.5Ty, 30Py) as 1, =~ 6.0 x 1073 ns for H and 8.1 x 103 ns for O. In the inert case, (T, P) ~
(3.3T, 17Py) is used to obtain 7,, &~ 8.2 x 10> ns for H and t,, &~ 1.11 x 102 ns for O, based on
collision estimates for binary gas mixtures [74]. The overall lower values of t, in the reactive case
than in the inert case are consistent with the faster shock speed and the smaller shock thickness of
the reactive shock wave compared to the inert one. For both reactive and inert cases, the initial mean
velocities (ballistic velocities) of H and O atoms are greater and smaller than the mixture’s shock
speed [Figs. 7(a) and 7(b)]. The ballistic velocities can be easily interpreted by molecular collision;
H, which is lighter than the average molecular weight of the mixture, gains a larger velocity than
the mixture’s impact speed (shock speed), and the opposite occurs to O, which is heavier than the
mixture. In the reactive case, the velocity of H experiences a rapid decay to reach the postshock
velocity in Fig. 4(c) at r ~ 0.2 ns and then experiences a milder and monotonous decline. Over a
sufficient period, the velocity is expected to match the piston speed. For the inert case, the velocity of
H rapidly decreases to a minimum below the piston speed at ¢ = 0.4 ns, followed by a mild increase
to the piston speed. The behavior of the O velocity is straightforward; in both reactive and inert
cases, the velocities smoothly increase to reach the equilibrium velocity. The velocity damping of H
below the shock speed in the inert case can be considered a process of momentum relaxation with
slower molecules (e.g., O, molecules slower than the piston speed). Similar decay and reacceleration
of the velocity during the relaxation period may occur in the reactive case, but the minimum is not
visible likely due to the cancellation by the negative slope of the equilibrium velocity [Fig. 4(c)].
The evolution of the ratio of the H and O velocities is plotted in Fig. 7(c) for both reactive and
inert cases. In both cases, a monotonic decrease in the ratio is observed at around 0.5 ns, indicating
relaxation among species within this timescale. This species relaxation thus occurs within the shock
wave, as indicated by the shock residence times greater than 0.5 ns. The particle velocities are
clearly consistent with the observed shock structure. The faster ballistic velocities of H than those
of O lead to the formation of the H, shock front ahead of O,. The species velocities are relaxed
behind the O, shock front but within the shock region of the mixture, and reactions may occur
there. We emphasize that these nonequilibrium effects, including the shock front separation, can be

103201-10



SUBCONTINUUM STRUCTURES OF REACTIVE SHOCK ...

T

—— 2000 —  Reactive 1
i
| 4000 — Non — reactive | |
“ —  Piston velocity
g 3000 " :
Ml e Nyt
_~ 2000F ¥ .
T
S 1000} E
~~—
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t [ns]
(a)
1500 T T T T T T
—— 2000 —  Reactive 1
i
| 40001 —  Non — reactive | |
« 1000 —  Piston velocity
g 3000¢ % 0.1 |
_—~ 2000 F ¥ E
Q x
S 1000F E
~—
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t [ns]
(b)
5 T T T
—  Reactive
- 4r — Non — reactive | |
Qw
IS 3l |
~——
~
S 20 i
T
>
~— 1 b e e e e e -
0 I 1 ! !
0.0 0.1 0.2 0.3 0.4 0.5
t [ns]
(c)

FIG. 7. Evolution of the ensemble-averaged, streamwise particle velocities, (v;), for hydrogen atoms H
(a) and oxygen atoms O (b), after the shock impact, in reactive (blue) and inert (red) cases. Ratio of the mean

velocities (c) with and without reactions.

103201-11



THIBAULT MAUREL-OUJIA AND KAZUKI MAEDA

unique to H, /O, mixture that poses a large mass ratio, and they can be enhanced with the shock
strength.

IV. CONCLUSIONS

In this study, nonequilibrium MD simulation of a reactive shock wave was performed in a
gaseous stoichiometric H, /O, mixture using the ReaxFF potential. The results show substructures
in the shock wave in that H, is compressed ahead of O, to form distinct shock fronts. Notably,
the dissociation of H, begins right behind the H; shock front before the O, shock front, whereas
dissociation of O, occurs only behind the O, shock front. Therefore, the main exothermic chemical
reactions are triggered only behind the O, shock front. Comparisons with the synthetic, inert
shock wave indicate that the small H, to O, mass ratio causes the separation of shock fronts
regardless of chemistry, like those observed in shocks of rarefied binary gases, and the velocities
of the species relax before leaving the shock region. Although the MD shock speed has not yet
been fully equilibrated, the postshock flow field already exhibits a ZND-like structure. The shock
structures and their formation mechanisms identified in the present simulation may thus hold for
reactive shock waves in general stoichiometric H, /O, mixtures. These results characterize the
nonequilibrium H, /O, shock dynamics, showing that reactions are present but not as active as they
were without the nonequilibrium separation of shock fronts. The insights gained in this study may
motivate generalization of this MD analysis for SICR in different species mass ratios of energetic
gaseous mixtures at various ambient conditions.
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APPENDIX A: COMPARISONS WITH THE ZND MODEL

In this Appendix, we provide supplemental details on the comparison of our MD results and the
ZND solutions obtained using the mechanism of Hong et al. [69] within the SDToolbox framework
[70]. Two cases of ZND calculation were set up for a stoichiometric H, /O, mixture at 1 atm and
an initial temperature of 500 K. In the first case (fixed u,), the shock speed is set such that the
downstream gas velocity equals the piston speed. In the second case (fixed uy), the shock speed
is set to match the MD shock speed. For the first ZND case, the predicted piston velocity is
2602 m s~!, which is higher than the MD piston velocity (2175.18 m s~!). For the second ZND case,
the predicted shock velocity is approximately 3185 m s~!, which is smaller than the MD shock speed
(3504.55ms~! at t = 20ns). Figure 8 shows the normalized profiles of (a) density, (b) pressure,
(c) z velocity, and (d) temperature of the two ZND solutions (fixed u,, and fixed u,) along with MD
results. The origin corresponds to the density peak point in the postshock region. Overall, the plots
of the MD solution show similar tendencies of growth/decay to those of the ZND solutions. The
MD solution is highly compressed compared to the ZND solutions, as explained by the proximity
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between the piston and the shock in the MD state. As expected, the MD solutions at the immediate
postshock point (origin) are closer to those of the first ZND solution than the second one, while
the MD quantities at the piston are closer to the second ZND solution except for the temperature.
It is implied that the MD solution approaches the second ZND solution if the MD simulation is
continued sufficiently long to extend the postshock region and the pressure is lowered there.

APPENDIX B: SHOCK EVOLUTION IN THE INERT CASE

Figure 9 presents two-dimensional histograms displaying the spatial and temporal distribution
of each species within an inert H, /O, mixture over 16 ns for (a) H, and (b) O,. We can observe
that the shock formation stabilizes shortly after initiation, occurring within just a few nanoseconds.
Figure 10 shows that the shock speed remains nearly constant, fluctuating around a mean value
of 2656.22ms~!, smaller than that of the reactive case, as expected by the Ranking-Hugoniot
condition in the absence of exothermic heat release.
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