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1 Introduction

In the classical model of Zel’dovich, von Neumman and Doring (ZND model), a detonation has a steady
and one-dimensional (1D) structure [1] and adiabatic shock compression is the mechanism for ignition.
On the other hand, detonation exhibits unsteady multi-dimensional cellular structure. Nevertheless,
previous studies revealed that the adiabatic shock compression of leading shock and transverse wave are
the main factors in ignition in a weakly unstable mixture with a regular cellular structure [2—4]. However,
in an unstable mixture with an irregular cellular structure or especially near limits, the adiabatic shock
compression is not sufficient to ignite the unburned gas mixture, with the formation of unburned gas
pockets behind the leading fronts [2, 5-7]. The latter are consumed by turbulent burning, which is not
accounted for in the 1D steady ZND model and is not captured in inviscid simulations. Therefore,
simulations without proper modeling of turbulent burning failed to reproduce the dynamic behavior
of detonation near limits and predicted a different trend from experiments. Indeed, numerical cellular
detonation is more difficult to propagate than ZND prediction or 1D simulations, and a weakly unstable
mixture is easier to detonate than an unstable mixture, which is highlighted as a detonation paradox [6].

In response to this situation, Maxwell [8] formulated the compressible linear eddy model for Large
Eddy Simulations (CLEM-LES) as a potential solution for modeling compressible reactive flows. In-
deed, CLEM-LES has been successfully applied to transition of a turbulent shock-flame complex to det-
onation [10], detonation propagation in a narrow channel [9, 11], and detonation propagation confined
by an inert layer [12]. While the formulation used in CLEM-LES offered a sophisticated approach,
its complexity posed challenges in isolating and quantifying the role of turbulent burning in detona-
tion. This underscores the need for a simple and predictive model to enhance simulation accuracy and
facilitate its broader adoption.

The semi-confined detonation gathered attention from point of view of mimicking condensed det-
onation [13], rotating detonation engine [14], and safety engineering [15]. In this configuration, the
expansion of the burned gas causes the streamline to diverge with velocity deficit, and quenching occurs
when the height of the reactive layer becomes less than the critical value. Therefore, the measurement
and prediction of critical conditions were of paramount importance. Nevertheless, Taileb et al. [16]
have shown that chemical modeling gave a significant influence on the critical height from simulations
in 2H, — O, mixture. Although critical height using simplified one-step and three-step models was
about 4-5 times higher than the experimental value, simulations with detailed chemistry predicted a
closer value to experiment [13] (6 mm in simulation and 4.6 mm in experiment). Thanks to recent
studies [17, 18], predictive ability of critical height from simulations using simplified chemistry was
improved.

Although Euler simulations with a proper chemical modeling gave closer results for critical height [16,
18], there is still a gap between experimental and numerical critical height. One of the factors most likely
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contributing to the observed differences is the inability to accurately capture reactive fronts whose prop-
agation is driven by thermal/molecular diffusion, as well as turbulent diffusion, as observed in turbulent
flames. This mechanism is expected to play a crucial role in the ignition of unburned mixtures near
detonation limits or in unstable mixtures [6].

The present study aims to propose a simple approach to model a deflagrative burning behind detona-
tion front toward predictive simulations and discuss the relevance of deflagrative burning in detonation
near limiting conditions. Simulations were conducted for a stoichiometric hydrogen-oxygen mixture,
using an additional modeled source term to account for the consumption of unburned gas pockets, acti-
vated only below the crossover temperature. This source term was inspired by the propagative form of
the mass fraction transport equation, which is similar to a level-set formulation [19,20].

2 Numerical setup and problem statement

The chemical reaction was modeled by the modified three-step chemical model for ideal detonation
(3SMI) proposed by Watanabe et al. [18]. Four chemical species are taken into account: reactants F,
radicals R, products P, and inert gas I. The conservation law for the species mass fraction Yy, k €

{F,R,P,1}is

OpYy n Opu; Yy
8t 8:152 B

Sk. ()

To account for flame propagation in unburned pockets, the right-hand side (RHS) term Sy must include
contributions from both diffusion and chemical reaction processes:

Sy = Fk + Wi, ()

where Fj, and wy, represent the diffusion flux and the chemical reaction rate of species k, respectively.
Nevertheless, to simplify the modeling, we introduce a filter H to distinguish between regions where
auto-ignition mechanisms predominantly occur (H = 0) and regions where flame constant-pressure
propagation mechanisms predominantly occur (H = 1). Thus, the RHS can be expressed as:

Sk = (1 — H)Sk|r=0 + HSk| =1, 3)

where Sk|—o and Sk|r—1 represent the RHS terms conditioned for the auto-ignition combustion zone
and the constant-pressure combustion zone, respectively.
In the auto-ignition combustion zone, diffusion fluxes can be neglected, so the RHS reduces to:

SklH=0 = Wg. 4)

However, in the constant-pressure combustion zone, diffusion processes cannot be neglected, and the
flame structure induced may be too thin to be accurately captured on the mesh. Thus, in these regions, the
computed variables represent filtered averages, similar to the filtering used in Large Eddy Simulations.
For simplicity, we use the same notation as before, without explicitly indicating spatial filtering. Thus,
in these zones, the diffusive fluxes include turbulent diffusion, and the chemical reaction rate requires
a modeling approach. To preserve the Euler formulation of the two-dimensional (2D) compressible
reactive equations considered, the RHS is expressed in its propagative form, which incorporates both
diffusive and reactive effects. Finally, in this zone, the RHS for each species is written as:

Srl=1 = —puSuE|VYr|, Srlz=1=0, 5)
Splr=1 = puSuZE|VYr|, Silg=1=0. (6)
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Figure 1: Mass flux for 1D steady laminar flame based on initial condition (a) along Hugoniot curve,
and (b) behind one transverse wave.

Here, p, py, Sy, and = are density, density for unburned gas, burning velocity for unburned gas, and
the flame wrinkling factor, respectively. The mass flux through the laminar flame structure p,.S, and
the flame wrinkling factor are input parameters and treated as constants. The filter H is defined as a
Heaviside step function based on the cell temperature 7°, the crossover temperature for chain-branching
reactions 1y, the pressure p, and the initial pressure pg, as follows:

(7

H=0 (I'>1Ts or p<2pg)
H=1 (T'<Ts and p > 2pg)

In addition, the threshold using pressure and mass fraction of reactant was included to prevent the de-
flagrative burning ahead of the detonation front. Near the edges of the unburned gas pockets, there can
be some overlap of both mechanisms during the course of the overall burning process, specifically from
deflagration to auto-ignition. The extension of modeling to other mixture without crossover tempera-
ture is a potential avenue for future research. The governing equations were solved using our parallel
in-house code RESIDENT (REcycling mesh SImulation of DEtoNaTions), with the details given in
Refs. [16,18,21]. The characteristic variables on cell boundaries were reconstructed using a ninth or-
der MP-R interpolation [22]. The numerical flux were computed by the HLLCM solver [23]. The
second order numerical Hamiltonian was evaluated [24] and the source term for deflagrative burning
was integrated by second order two stage Strong Stability Preserving Runge-Kutta method. The model
parameters in 3SMI were the same as those used in Watanabe et al. [18].

The target mixture was 2 Hy — O, at ambient condition (101 kPa, 295 K). The detonation propaga-
tion in reactive mixture bounded by N, was simulated. The simulation procedure and conditions were
the same as in previous studies [16, 18]. The grid resolution was 10 points per ZND induction length
(xinq), Which was sufficient to capture the critical height and the flow fields [16, 25]. The height of
the reactive layer h and the product of mass flux and flame wrinkling factor p,, S}, = are parameters in
the parametric studies. Each case was run only one time. Supercritical condition was defined as the
successful transmission and propagation of detonation over 3000 zi,q.

The reference data from 1D steady laminar flame were obtained using the detailed chemistry
(Mevel2017), with 9 species and 21 elementary reactions [26].

3 Results and discussions

In the source term for the deflagrative burning, the mass flux p,S,= was considered as a constant
parameter in the present modelling (Eq. 5). The value of mass flux was estimated from 1D steady
laminar flame using relevant initial conditions for detonation, i.e, along Hugoniot curve or behind a
transverse wave in Fig. 1. Note that the unburned gas pockets were formed from the gas shocked by
weak incident shock around the end of the cell cycle whose induction time was much longer than the
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Figure 2: Maximum pressure history for (a) h = 5 mm and p,S,Z = 156.3kg/(m?s), (b) h = 5 mm
and pyS,E = 109.4kg/(m?s), and (c) h = 4 mm and p,S,= = 156.3kg/(m?s). White lines are shock
front shape and the interval between the two successive lines are 1.0 7..;. Here, the characteristic time
for detonation cell 7. is defined as 7cep = Leen/Dcy, where Leoy and Dcy are average cell length
for ideal detonation in simulation and CJ velocity, respectively. Red dotted line is the initial position of
the interface between the inert gas and reactive mixture. Note that the horizontal and vertical scales are
different, to ease visualization of the cellular structure.

time for cellular cycle. The mass flux at the post-shock condition did not change by order of magnitude,
and the change in the value between the post shock state with 0.60 D¢y and 0.80 D¢y was within the
factor of 2.5 (Fig. 1(a)). In the second part of the cell, the unburned gas experienced a transverse wave
after the passage of the leading shock [4]. The value of mass flux for various second shock Mach number
is shown in Fig. 1(b). As the second shock Mach number increased, the mass flux also increased. The
ratio of the increase in the mass flux with a second shock Mach number of 1.4 in the post shock condition
with 0.60 D¢y was about 2.3. In addition, the increase ratio became lower as the leading shock velocity
was lower. Therefore, the present modeling of constant mass flux for the deflagrative burning can be
acceptable as an approximation especially for lower leading shock velocity near the limit.

The maximum pressure history for the selected cases is shown in Fig. 2. The case with A =5
mm and p,S,E = 156.3 kg/ (mZS) was a supercritical condition and the average propagation velocity
was 0.870 D¢y (Fig. 2(a)). The failure and reinitiation by transverse detonation were repeated and
the transverse detonation generated new cells enough. Nevertheless, the number of the triple points
was relatively constant and the propagation was stable. Note that without deflagrative burning model,
detonation can not keep propagation at this reactive layer height. With the decrease in the mass flux
in h =5 mm and p,S,= = 109.4kg/ (mzs), the consumption speed for unburned gas pockets became
lower and the period of failure became longer (Fig. 2(b)). The divergence of streamlines was so strong
and the deflagrative burning with this value of mass flux was not sufficient to burn the unburned gas
pockets and sustain the detonation propagation. The cell width drastically increased and quenching was
observed about 50 mm after interaction with an inert layer. With the shorter reactive layer height and the
same mass flux as used in the supercritical condition in Fig. 2(a), the subcritical condition was observed
(Fig. 2(c)). The reinitiation by transverse detonation mainly originated around the interface between
the inert and reactive layer, which was in line with the observation on reinitiation in transient phase by
Murray and Lee [27]. Nevertheless, the increased lateral expansion caused by a shorter reactive layer
height led to the quenching.
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Figure 3: Instantaneous flow fields for (a) temperature, (b) mass fraction of reactant, with A =5 mm and
puSuE = 156.3kg/(m>s), and (c) summary of results in the coordinate system of mass flux and height
of reactive layer.

Figure 3(a,b) depicts the 2D instantaneous flow fields in the supercritical condition for the case
with / = 5 mm and p,S,Z = 156.3kg/(m?s). The classical detonation-shock combined wave struc-
ture consisting of detonation front and oblique shock was observed (Fig. 3(a)). The leading shock front
was curved due to the divergence of streamlines. With the inclusion of the source term for deflagrative
burning, the unburned gas pockets were burned from their edges and the energy release from the con-
sumption of unburned gas pockets within the detonation driving zone further supported the detonation
propagation (Fig. 3(b)).

The simulation results are summarized in the coordinates of mass flux p,S,= and reactive layer
height A in Fig. 3(c). As the mass flux increased, the average propagation velocity increased and the
propagation became more stable. Moreover, the order of the velocity deficit in simulations (~ about
13%) agreed with the experimental observation [28] (~ about 16%), whereas simulations without defla-
grative burning model predicted the order of about 5% as velocity deficit in the same level of unstable
mixture [21]. In addition, the velocity deficit in simulations was higher than the velocity deficit at
maximum curvature from steady 1D ZND model (~ 9%) [18], which highlighted that the deflagration
extended the propagation limit compared to steady 1D ZND model and was in line with experimen-
tal trend [7]. Present simulations with a source term for deflagrative burning were able to capture the
experimental critical height in the range of the mass flux used.

The ratio = (puSuZ)/(puS!)ref, Which could reproduce the experimental quenching limit was
between 1.09 and 1.86. The value (pyS;).ef Was estimated in this study at post-shock state with state
with a velocity of 0.6 D¢y, S; being the laminar flame speed. The value of 0.6 D¢; was taken as repre-
sentative of shock velocities in marginal conditions, around the end of the cell. This range of values was
found to be lower to that reported by Maxwell et al. [9] (8 ~6.6-7.3 from experiments, 3 ~3.63-3.74
from simulations) and Xiao et al. [7] (8 =2.4 to 6.5 from experiments), probably due to their use of
unstable mixtures, sensitivity in the selection of the reference value for normalization, and also in the
determination of the deflagration surface. In the present study, this value was found to be closer to the
laminar value, as suggested in ref [29]. This observation is consistent with the fact that developed tur-
bulence occurred primarily near the end of the hydrodynamic thickness [30]. However, this ratio relies
on several modeling assumptions and should be interpreted with care.
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4 Conclusions

The inclusion of the source term for deflagrative burning significantly extended the propagation limit and
successfully captured marginal detonation propagation. Furthermore, the experimental critical height
was accurately reproduced. The mass flux for deflagration to recover the experimental critical height
ranged from 109.4kg/(m?s) to 187.5kg/(m?s), which corresponds to 1.09 to 1.86 times the laminar
value based on the post-shock condition with 0.60 D¢j. The present results emphasized the pivotal role
of deflagration in reproducing the dynamics of detonation near the limits.
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