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Abstract The effects of vibrational non-equilibrium and vibration—chemistry cou-
pling on hydrogen—air detonation are numerically investigated by solving reactive
Euler equations coupled with a multiple vibrational temperature-based model.
Detailed hydrogen—air reaction kinetic is utilized, Landau—Teller model is adopted
to solve the vibrational relaxation process, and the coupled vibration—chemistry
vibration model is used to evaluate the vibration—chemistry coupling. It is shown
that the relaxation process and vibration—chemistry coupling considerably influence
the hydrogen—air detonation structure, highlighting the importance of correct
treatment of vibrational non-equilibrium in detonation simulations.

1 Introduction

The complex multiscale physical phenomena in hydrogen detonation have been
studied by numerical simulations for some years. These studies have focused on var-
ious aspects of detonation: projectile-induced detonation [1], rectangular/diagonal
modes in three-dimensional hydrogen—air detonation [2], and the deflagration-to-
detonation transition [3]. Due to the intrinsically unsteady and highly nonlinear
characteristics of detonation and the unclear mechanism of reactions under extreme
conditions, the detailed fundamental characteristics of detonation remain poorly
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understood. The vibrational degree of freedom in air is relatively slowly equilibrated
in high-enthalpy flows [4, 5], and the resulting vibration—chemistry coupling
has been widely researched [6, 7]. The time scales of vibrational relaxation are
comparable to those of ignition behind the detonation wave [8]. This overlap has
necessitated careful investigation with a combination of computational and practical
approaches to the physical processes and vibrational relaxation involved.

In this paper, several two-dimensional simulations are performed for a stoichio-
metric hydrogen—air mixture at 1 atm and 300 K, under the various assumptions
of vibrational equilibrium, non-equilibrium, or vibration—chemistry coupling, to
understand the underlying physics. The computations are performed using the
supercomputer Shaheen XC-40 installed at King Abdullah University of Science
and Technology.

2 Methodology

The space-time conservation element and solution element (CE/SE) method [9] is a
compact numerical scheme in which only the information of the neighboring mesh
points is required for each time step, making it ideal for large-scale computing. This
method has been developed [10-12], implemented, and validated in several studies
of variable complex flows, including compressible multicomponent flows [13] and
gaseous detonations [14, 15]. In this study, the CE/SE method was extended to solve
the two-dimensional unsteady reactive Euler equation:

8U+8F+8G_S )
ar  dx  dy

where U is the conserved vector, consisting of the individual species densities, p;;
the momentums, pu and pv; the total energy, E; and the vibrational energies of the
different molecular species, p;ey;:

U=[p1, . pNs, pit, pv, E, piey,1, -+, PNm€v,Nm] (2)

with Ng the number of species and Ny, the number of molecular species. F and G
are the corresponding fluxes in the x and y directions, respectively.

It was assumed that the vibrational energy was decoupled from the translational—
rotational energy. The total energy E comprises the energy in the translational—
rotational mode, enthalpy of formation, vibrational energy, and flow kinetic energy:

Ns Ns

1
E = Zpicv,tr,iTtr + Zpih? + Z Pi€yv,i (Tv,i) + 5,0 (“2 + U2) (3)

i=1 i=1 molecule
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The vibrational energy of molecule i is expressed as a function of the species gas
constant, vibrational temperature 7y, ;, and characteristic vibrational temperature 6;:

04
evi(Tvi) = Rim @

S is the source term that represents the chemical reactions and energy exchange
between translational-rotational energy and individual vibrational energies. The
chemical reactions were modeled by the mechanisms for high-pressure high-
temperature hydrogen combustion [16], which include nine species (Ha, Oz, H,
0O, OH, HO,, H,0, H>0O,, and N3) and 23 reactions. Nitrogen was modeled as an
inert diluent. The calculation of chemical reaction rates according to the CHEMKIN
manual [17] was embedded in the codes. The ignition delay times calculated in this
work agreed well with the data from Burke et al. [16].

The interspecies vibrational relaxation times were calculated using Millikan
and White’s formulation [18], and the vibrational energy relaxation rates were
calculated using the Landau—Teller model [19]:

€y, (Ty) — €y, (Tv,i)
T

®)

Str—v,i = Qi

The physically consistent coupled vibration—chemistry vibration (CVCV) model
[6] was applied to evaluate the effect of vibrational non-equilibrium on the reaction
rates. In this model, the chemical reaction rate is modified by an efficiency function,
O(Tye, Tv) = k(Tie, T) KE(Ty):

Q(Ty E) e T QN aky) + 0 (T Ea) = 0 (1°, o)

Q (T Ea) ¢~ Q (~U,wEy) + Q (T*, Eq) — Q (T*, aEy)
©)

¢ (Ty, Ty) =

where 1/ I" = /T, — UT, — /U, VT = 1/T, — 1/U, and 1/T* = 1/T,, — 1/U with
coefficient « = 0.8, U = E4/5R, and Q(T, E) = [1 — exp(—E/RT))/[1 — exp(—6,/T)].

3 Results

The computational domain was filled with a stoichiometric hydrogen—air mixture
with initial conditions of Py = 1 atm and 7y = 300 K. The left, upper, and lower
sides of the computational domain were treated with slip-wall boundary conditions.
A narrow area with 7y = 4000 K and P; = 90 atm was used to ignite the mixture, and
small energy perturbations were added in this hot region to trigger the instabilities.
In the simulations, variations in the form or size of the perturbations were found
to exert a negligible influence on the final cellular sizes and regularities provided
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Fig. 1 (a) Detonation cellular pattern under assumption of thermodynamic equilibrium. (b)
Detonation cellular pattern with finite transfer rate of molecular translational-rotational energy
to vibrational energy

that the detonation waves were long enough. Three cases were considered: (1) the
vibrational modes were assumed to be equilibrated with the translational-rotational
modes; (2) the vibrational modes were assumed to be frozen across the shock wave
and then relax to equilibrium via the Millikan—White relation; and (3) based on the
second case, the chemical mechanisms were manipulated by the CVCV model [6].

3.1 Influence of Vibrational Relaxation

For the thermal equilibrium case, after the shock wave propagated a relatively long
distance (more than 100 cell lengths), it was observed that the cellular structures
tended to become stable (Fig. 1a). The average cell width was around 1.11 mm.

However, in the simulation featuring (uncoupled) vibrational relaxation, the
distribution of the cell widths was slightly irregular. Most of the cells shrank to
between 0.5 and 0.8 mm, with an average value of 0.63 mm (Fig. 1b). The effect
of temperature on the rate of the reaction H + O, = OH + O was significant
[20]. In this simulation, the initial conditions included a dense mixture of Hy,
0, and Ny molecules, and their vibrational temperatures were frozen across
the shock wave. This elevated the post-shock translational-rotational temperature,
because the vibrationally frozen condition allowed additional energy to be stored
in the form of translational-rotational modes [21]. The elevated translational—
rotational temperature further accelerated the reactions and resulted in smaller cells.
The difference between the first two assumptions was more significant than that
reported in Hy-O,-Ar detonation [15], despite the different initial conditions and
reaction kinetics used. This difference may have arisen from the diluent species: the
vibrational relaxation process in our system, with the molecular diluent nitrogen (of
which the molar fraction in the current simulation was 55.6%), is more complex
than that with the atomic diluent argon (of which the molar fraction in Shi et al. [15]
was 70%).
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Fig. 2 Differences between translational-rotational temperature and species vibrational tempera-
ture (T — Tv,;) near the bottom region of the computational domain in Fig. 1b

3.2 Influence of Vibration—-Chemical Coupling

After the shock passed through the mixture, O, approached thermal equilibrium
most quickly, whereas the vibrational temperature of N; increased more gradually,
and it took much longer distance before H, reached thermal equilibrium (see Fig. 2).

The effect of the ignition delay time on the reaction-zone structure was consid-
erable. In typical post-shock conditions of hydrogen—air detonation, the sensitivity
analysis for individual reaction rates revealed that the ignition delay time was most
sensitive to the chain branching reaction H + O, = O + OH. When evaluating
the effect of vibration—chemistry coupling using the CVCV model, the reaction
rates were multiplied by an efficiency factor, which was a function of translational—
rotational temperature and species vibrational temperature. From Fig. 3, it can be
observed that even a very small difference between the vibrational temperature and
the translational-rotational temperature suppressed the reaction rate significantly.

Because there was a region in which individual vibrational temperatures deviated
from the translational temperature, the cellular structure in the third case was
significantly affected by the vibration—chemistry coupling (Fig. 4); the cellular
structure was found to be irregular, with average cell widths of roughly 3.33 mm
across the simulation domain.
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Fig. 3 Efficiency factor for - r T Tr T Tt T T
reaction H + O, — O + OH,
with the translational—
rotational temperature fixed at
1535 K
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4 Conclusion

Time-dependent numerical simulations were performed using a detailed reac-
tion model to evaluate the effect of vibrational non-equilibrium on the unstable
hydrogen—air detonation, in which the vibrational equilibrium was evaluated for
each individual species. The analyses indicated that under post-shock conditions, the
reaction most sensitive to the ignition delay time was the chain branching reaction
H + O2 = O 4+ OH. When the vibration—chemistry coupling was considered, the
reaction rates were greatly suppressed in the non-equilibrium region. Compared
with the vibration—chemistry coupling case, our results imply that a numerical
simulation that failed to account for the vibrational relaxation process and its
coupling with the chemistry would be likely to underestimate the detonation cell
size.
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