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1 Introduction

Multi-dimensional gas-phase detonations play a central role in a wide variety of practical combustion
systems, including novel propulsion designs such as rotating detonation engines (RDEs). In recent
years, there has been an increasing interest in using ethylene (C2H4) as a fuel in detonation engines,
in particular in air-breathing RDEs [1], due to its higher reactivity and better detonability compared
to other hydrocarbons. This warrants studies of the dynamics and structure of detonations in ethylene
mixtures.

In a pioneering study, Strehlow et.al. [2] carried out experiments in C2H4/O2 and C2H4/O2/Ar mixtures
to explore the relation between the detonation cell width, λ, and induction zone length, ∆. Bull et.al. [4]
studied detonations in C2H4/air and C2H4/O2 mixtures as a function of initial pressure and reported the
observed cell sizes. Experiments conducted by Knystautas et.al. [3] and Murray & Lee [7] in hydrocar-
bon detonations (including ethylene) reported that the empirical correlation between the detonation cell
size and the critical tube diameter dc = 13λ holds true even for hydrocarbon mixtures. Bauer et.al. [5]
measured cell sizes in ethylene/air mixtures at elevated initial pressures from 1 bar to 10 bar. They
further investigated the validity for hydrocarbons of the relation between the cell size and the induction
length λ = 29∆ given by Westbrook et.al. [6].

In the context of numerical modeling, majority of prior studies that considered detonations in C2H4/O2/Ar
and C2H4/O2/N2 mixtures [8, 9] have been limited to calibrated single-step chemical kinetics. One no-
table exception is the work by Araki et.al. [10] who performed two-dimensional (2D) simulations of
C2H4/O2 detonations using multi-step chemical kinetics at low pressure conditions of 0.1 atm, how-
ever, the considered channel size was much smaller than the expected cell width. Therefore, detailed
numerical simulations of ethylene/air detonations with realistic chemistry in sufficiently wide channels
to produce complex cellular detonation structure remain scarce.

In this study, we present a systematic study of 2D detonations in C2H4/air mixtures at atmospheric con-
ditions using complex chemical kinetics. The primary focus is on the near-limit behavior. In particular,
we analyze detonation properties as a function of the channel width by considering channels that are
both larger and smaller than the expected detonation cell size. We also study the effect of equivalence
ratio on the detonation properties by considering φ = 1.0 and 0.7.
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2 Problem Setup

Our numerical simulations solve the unsteady 2D reactive, compressible Navier-Stokes equations. The
governing equations are solved on a uniform Eulerian grid using the code Athena-RFX, which is a
fully compressible reactive flow solver. Over the years, Athena-RFX has been extensively used to
study a wide variety of reacting flow problems [11–13], including detonation modeling [14, 15]. The
solver used in this work employs a directionally unsplit, corner transport upwind, finite-volume scheme
with the piecewise linear interpolation for spatial reconstruction [16]. The fluxes at cell interfaces are
evaluated using the HLLC-ADC Riemann solver [17]. YASS ODE integrator is used to solve the stiff
system of equations for chemical kinetics [8]. The chemical source terms are coupled to the flow equa-
tions using operator splitting approach with a global time-step control [18].

Special attention was paid to the choice of a chemical kinetics model. The chemical reaction model is
comprised of 30 species and 231 reactions. The model was reduced from the FFCM series of reaction
models (see, e.g., FFCM-1 [19, 20]) for high-pressure / high-temperature conditions characteristic of
detonations. In particular, the reduction targets 21 combustion responses: i) laminar flame speeds of
ethylene-air mixtures at the unburnt gas temperature of 298 K, pressures of 1, 3, and 50 bar, and three
equivalence ratios φ = 0.7, 1.05, 1.4, ii) ignition delays of ethylene-air at 50 bar initial pressure, initial
temperatures of 1500, 2000, and 2500 K and φ = 0.5, 1.0, and 2.0, and iii) ZND induction lengths at an
unburnt gas temperature of 470 K, pressure of 3 bar, and φ = 0.5, 1.0 and 2.0. The reduced model was
further tested for the ZND structure prediction against the detailed reaction model over a broader range
of conditions, with unburnt gas temperatures ranging from 284 to 648 K and pressures from 0.5 to 3.5
bar at the equivalence ratios of 0.7, 1 and 2. All tests show satisfactory results. The equation of state is
that of an ideal gas with the thermodynamic functions computed using NASA seven-coefficient format.
The molecular transport coefficients are evaluated using mixture averaging.

Table 1: Simulation parameters. Here, λ is the corresponding experimental detonation cell size reported
in literature [3] and ∆x is the computational cell size.

Pf Tf φ DCJ λ ∆ ∆e ∆/∆x ∆e/∆x Ly Lx

(bar) (K) (m/s) (cm) (cm) (cm) (cm) (cm)
1.0 298 1.0 1832 2.0 6.26×10−2 1.29×10−2 40 8.2 8.0 24.0
1.0 298 1.0 1832 2.0 6.26×10−2 1.29×10−2 40 8.2 1.0 24.0
1.0 298 1.0 1832 2.0 6.26×10−2 1.29×10−2 40 8.2 0.25 24.0
1.0 298 0.7 1704 8.0 1.89×10−1 2.28×10−2 40 5.0 16.0 48.0
1.0 298 0.7 1704 8.0 1.89×10−1 2.28×10−2 40 5.0 8.0 48.0
1.0 298 0.7 1704 8.0 1.89×10−1 2.28×10−2 40 5.0 1.0 48.0

Numerical simulations of ethylene/air mixtures are carried out in a 2D channel of size Lx×Ly. Lx is the
streamwise length of the domain (detonation front propagation direction) and Ly is the domain width.
The top and bottom boundaries are slip, adiabatic walls. Zero-order extrapolation (outflow) boundary
condition is used on the left boundary, while the right boundary is maintained at the CJ state. The details
of the simulation parameters for each case are given in Table 1. Here, Pf and Tf are the fuel pressure
and temperature respectively, φ is the equivalence ratio in the fuel mixture, and DCJ is the Chapman-
Jouguet (CJ) detonation velocity. ∆ and ∆e are the induction zone length and exothermic pulse width of
a 1D detonation respectively, obtained using the SDToolbox in Cantera [23]. In all cases, the flow field
is initialized using the corresponding ZND solution, and the problem is solved in the laboratory frame
of reference on a moving grid to limit the streamwise domain length. The ZND solutions at φ = 1.0 and
0.7 are shown in Fig. 1. All simulations are well resolved with at least 40 cells per induction length and
at least 5 cells per exothermic pulse width.
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Figure 1: ZND structure of a stoichiometric C2H4/air mixture at 1 bar and 298 K at φ = 1.0 and 0.7.

3 Results and Discussion

We first consider ethylene/air detonation at φ = 1.0 in an 8 cm wide channel. At this equivalence ratio, the
expected cell size is 1.95 cm [3], which is smaller than the channel width. The corresponding numerical
soot foil is shown in Fig. 2a. The soot foil is constructed by recording the history of maximum pressure
in each computation cell. It can be seen that detonation cells are highly irregular with a hierarchy
of cell sizes, which is characteristic of unstable detonation mixtures. Second, when the detonation is
about to fail (shown by marker A), a strong transverse detonation is formed and it propagates across
the channel width (shown by marker B) re-igniting the mixture and producing a series of extremely
small cells (shown by marker C). More specifically, when the detonation is about to undergo failure,
the incident shock becomes weaker. This reduces the post-shock temperature, which creates a large
induction zone behind the incident shock. At this point, a transverse detonation is initiated and it starts
to consume the hot dense post-shock fuel mixture formed in the large induction zone created by the
incident shock. This results in very high pressures and shorter induction length in the post-shock state
of the transverse detonation and ultimately leads to the formation of very small cellular structures in the
soot foil. Previously, Gamezo et.al. [21] observed similar detonation dynamics in mixtures with high
effective activation energy modelled using single-step chemical kinetics at near-limit conditions. We
also note that the simulation produced a wide range of cells sizes that are all substantially smaller than
those observed in experiments.

Figure 2b shows the numerical soot foil in a 1 cm wide channel. In this case, the channel width is
smaller than the expected cell size. However, even in such a narrow channel, the detonation produced a
range of detonation cell sizes. The dynamics is similar to the 8 cm channel case with frequent failure/re-
ignition events dominating the propagation. Markers A, B and C in Fig. 2b also show respectively the
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global detonation failure, the subsequent formation of a transverse detonation wave, and the creation
of extremely small cellular structures. Further decrease of the channel width to 0.25 cm causes the
detonation to fail even in a lossless adiabatic channel (soot foil not shown here). Therefore, for φ = 1.0
case, the minimum channel width required for detonation propagation is ≈ 0.5 − 1 cm. The detailed
mechanism of detonation failure in a narrow lossless channel will be discussed in a separate study.

Figure 3 shows the numerical soot foils for φ = 0.7. For this equivalence ratio, the expected cell size
from experiments is around 8.0 cm [3]. We find that as the mixture gets leaner, a much wider channel
is required in order to propagate a detonation. In case of φ = 0.7 (see Fig. 3), the detonation propagates
in a 16 cm wide channel with irregular cellular structure and with cells again smaller than the expected
cell size of 8 cm. In the lean case, the detonation propagation is also dominated by the failure-reignition
events similar to the ones observed in the stoichiometric case. However, once we reduce the channel
width from 16 cm, we observe that the detonation fails promptly in both the 8 and 1 cm channels.
Therefore, for φ = 0.7, the minimum channel width required is in the range 8.0-16.0 cm. Overall, it can
be concluded that in cases where robust detonation propagation is observed, the formation of transverse
detonations is inevitable and in fact it is crucial to sustain healthy propagation.

Figure 2: Numerical soot foils for C2H4/air detonations at P = 1.0 bar, T = 298 K, φ = 1.0 in a channel
of size a) 8 cm; b) 1 cm.

Figure 3: Numerical soot foils for C2H4/air detonations at P = 1.0 bar, T = 298 K, φ = 0.7 in a channel
of size a) 16 cm b) 8 cm c) 1 cm.

28th ICDERS – June 19 - 24, 2022 – Napoli, Italy 4



Dammati S.S. 2D Ethylene-Air Detonations

4 Conclusion

We performed a series of numerical simulations to study the near-limit dynamics of detonations in
ethylene/air mixtures at atmospheric conditions in a lossless channel. The cellular structure is highly
irregular with a wide range of cell sizes characteristic of an unstable mixture. Detonation propagation
is also studied as a function of channel size. In all cases, failure/re-ignition events involving the for-
mation of a transverse detonation are observed, which are central for the detonation propagation. A
minimum channel width required for detonation propagation is found to exist even in lossless channels.
For φ = 1.0 this width is ≈ 0.5 − 1.0 cm and for φ = 0.7, it is ≈ 8.0 − 16.0 cm. Finally, in all cases
that propagated, detonation cells were found to be significantly smaller than the expected experimental
values. Similar observation was previously made for hydrogen mixtures [22]. It is not clear at present
what causes this discrepancy, e.g., inaccuracies in the chemical kinetics model, thermal non-equilibrium
effects, or other effects not accounted for in the calculations. This important question requires further in-
vestigation. Future analysis of the detonation dynamics in ethylene-air mixtures at near-limit conditions
will include consideration of much leaner mixtures, as well as the effects of wall losses (isothermal,
no-slip walls) on the minimum channel width. That analysis will be presented in a separate study.
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