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1 Introduction

Detonations hold significant promise for enhancing the efficiency of propulsion devices and energy con-
version systems when compared to the conventional combustion technologies [1]. A defining charac-
teristic of a multi-dimensional detonation front is its inherent instability. The spatiotemporal evolution
of this instability manifests itself as a cellular structure formed on the walls of the channel, in which
a detonation propagates. Prior studies showed that numerical models, which use realistic multi-step
chemical reaction Kinetics, are not able to reproduce the cell sizes in hydrogen mixtures for practically
relevant conditions [2]. In this work, detonation structure is analyzed primarily by means of the deto-
nation cell sizes for a range of initial pressures and temperatures and for a wide variety of fuels, from
hydrogen to simple hydrocarbons, such as methane, and to heavy hydrocarbons, such as JP10 jet fuel.
More specifically, mixtures and thermodynamic conditions are chosen to cover a wide range of effective
activation energies and specific heat ratios, which have been previously shown to be the primary thermo-
chemical characteristics determining the cell regularity. Particular focus is placed on exploring the cell
sizes at atmospheric conditions to contrast the vast majority of existing studies in the literature, which
predominantly consider lower pressures [3]. Finally, numerically obtained cell sizes are compared with
experimental values.

2 Numerical Setup

The unsteady reactive Navier-Stokes equations are numerically solved on a structured, adaptively refined
grid using the massively parallel code Athena-RFX++. This code employs a directionally unsplit
Van Leer finite-volume method with piecewise linear reconstruction for spatial discretization [4]. The
HLLC-ADC Riemann solver is employed at cell interfaces to mitigate the occurrence of carbuncles. The
stiff system of equations governing chemical kinetics is integrated using the semi-implicit YASS solver
[5]. The chemical source terms are coupled to the hydrodynamic flow equations through an operator
splitting approach with the global time-step control [6]. The numerical scheme is second-order accurate
in both space and time. Reduced multi-step chemical kinetics is based on the FFCM-1 and HyChem
families of reaction mechanisms [7]. Finally, the physical model includes detailed treatment of the
multi-species transport based on the mixture averaging approximation [8].
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Table 1: Summary of mixtures considered and the corresponding parameters.

Case Mixture 10} P1r(4:=bs§r1;re Tem;zle(r)ature (an?/;) € Yon X
la H;-0,-0.1203603 1.500 0.150 295 3.05 3.66 | 1.32 0.80
1b 2.965C;H;-2.50,-7.52N, | 2.965 1.013 293 2.00 3.88 | 1.23 1.50
2a 2H,-0, 1.000 0.159 298 2.74 5.39 1.32 2.53
2b 3C,H4-30; 3.000 0.100 298 2.59 572 | 1.17 1.89
3a 2H,-0,-3.76N, 1.000 1.000 298 1.98 7.56 | 1.32 5.24
3b CoH6-140,-10.5N, 1.000 1.000 353 2.11 7.76 1.17 10.50
4a H,-0,-3.76N, 0.500 0.239 298 1.61 8.78 | 1.33 7.51
4b 1.4CoH6-140,-52.4N, 1.400 1.000 353 1.83 9.69 | 1.23 16.2
4c C,H;-30,-11.28N, 1.000 1.000 298 1.83 10.51 | 1.13 8.36
4d CH4-20, 1.000 1.200 293 2.40 11.35 | 1.17 | 45.90
5a CH,4-20,-7.52N; 1.000 1.013 293 1.81 14.81 | 1.26 | 185.00
5b H;-0,-3.76N, 0.500 1.013 298 1.62 37.71 | 1.33 | 155.00

In all calculations, the computational domain has the spatial extent of 4)\¢z;, X 40Aczp, Where Mgy is
the experimentally measured detonation cell length. Such domain width is found to be sufficient to
prevent mode-locking of the detonation structure, while the large domain length allows the front to
relax from any initial perturbations associated with the detonation initiation. Detonation is ignited by
placing a perturbed ZND detonation profile on the grid at ¢ = 0. The ZND induction length, A;, is
spatially resolved with a minimum of 40 numerical cells, and the thermal width of the ZND profile,
A,, is resolved with a minimum of 5 numerical cells in all calculations discussed here. Simulations
are performed in the laboratory reference frame. Boundary conditions are adiabatic, slip walls in the
transverse direction, and the outflow (zero-order extrapolation) in the streamwise direction.

3 Results and Discussion

Simulations were performed for twelve different mixtures for a range of pressures and temperatures.
Details of the mixture compositions, thermodynamic conditions, and other relevant parameters are listed
in Table 1, where ¢ is the equivalence ratio, D¢ is the Chapman-Jouguet detonation speed, and

B, 1 0Olnr

€ )
is the normalized effective activation energy based on the logarithmic temperature sensitivity of the igni-
tion delay time, 7. Here, Ty, v and ~yy n are the temperature and the ratio of specific heats, respectively,
at the von Neumann (post-shock) state. The parameter , previously suggested to control cell regularity
[9], is defined as

Y = eo'ma:c . )
ucJg

All cases considered can be divided into five sub-groups described below and also shown in Fig. 1.

Low e: In this regime (Cases la and 1b), € is small, typically < 4 — 5. For an H,-O,-O3 detonation at
low pressure (Case 1a), which is representative of this regime, numerical simulation gives cells with the
correct size compared to experiments (see Fig. 2a) [3]. The cells are regular since ¢ is low and at the
same time yy v is high. In contrast, for the atmospheric CoH; case (Case 1b; see Fig. 2b), the numerical
cells are ~ 4 — 5 times smaller than the experimental cells, with some degree of irregularity [10]. Case
1b has very similar € to Case la (3.88 vs. 3.66), but lower yyn (1.23 vs. 1.32). While lower vy
is indeed expected to lead to more irregular cells [11], these two cases suggest that low temperature
sensitivity of the mixture does not necessarily guarantee the correct detonation structure.
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Figure 1: Regime diagram of the detonation conditions surveyed.
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Figure 2: Numerical soot foils for a) Case 1a and b) Case 1b in the low-¢ regime.

Boundary e: In this regime (mixtures of Hy, and CoH4 with O; at low pressures; Cases 2a and 2b), € is
in the range ~ 5 — 7. Similar to the low-¢ regime, numerical simulations can reproduce the experimental
cell sizes for high vy x [12], though cells become more irregular (Case 2a). Also, similar to the Case
1b, for low vy n (CoHy, Case 2b), detonation cells are ~ 8 — 10 times smaller than the experimental
values [13], and they are irregular.

Intermediate e: This regime (atmospheric H-air and JP10; Cases 3a and 3b) is defined by e in the range
~ 7 — 8.5. Here, detonation cells in the simulations are always smaller than the experimental values
for all ~y . Figure 3a (Case 3a, stoichiometric, atmospheric Hj-air) shows that cells are irregular and
~ 3 — 4 times smaller than the experimental cells [14], in agreement with the previous observations by
[15]. There can be seen ~ 12 — 14 detonation cells in the transverse direction instead of 4. For lower
v, (Case 3b, JP10, Fig. 3b) the disagreement is much more pronounced with cells being smaller by a
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Figure 3: Numerical soot foils for a) Case 3a and b) Case 3b in the intermediate-¢ regime.

factor of ~ 8 — 10 compared to experiments [16], and they are significantly more irregular.

High e: In this regime (Cases 4a - 4d), e ranges between ~ 8.5 and 14.5. At such high temperature sensi-
tivity, the disagreement between the experimental and numerical cells becomes even more pronounced.
The detonation front undergoes periodic quasi-failures and re-ignitions, which result in a wide range of
cell sizes. For the high vy (Case 4a, lean, low-pressure Hy-air), the cells are 8-10 times smaller than
in the experiments [17], and for low -y (Case 4c, ethylene) cells are 10 — 12 times smaller.

Ultra-high e: Finally, at the highest values of ¢ 2> 14.5 (see Fig. 4, atmospheric H, and CH4 with
air; Cases 5a and 5b), cells are not only extremely small but also they become difficult to identify in
large regions of the soot foil. For both high and low 7y, the cells can be 2 20 times smaller than the
experimental values [18, 19]. In this regime, in particular in the atmospheric CHg-air case, quasi-failures
and re-ignitions become pervasive, dominating the front dynamics (Fig. 4b) and making identification

of cells and their size possible only in select regions of the flow.

Alorpy
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Figure 4: Numerical soot foils for a) Case 5a and b) Case 5b in the ultra-high € regime.

4 Conclusions

We presented a series of numerical two-dimensional simulations of planar, freely propagating detona-
tions in rectangular channels with adiabatic, slip walls. All simulations use multi-step chemistry with
full transport for different initial conditions and fuel types. We confirm prior observations that numerical
simulations can reproduce the experimental cell size for hydrogen only under very specific conditions,
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i.e., when the effective activation energy e is small and simultaneously vy n is high, in particular in
low-pressure Hy-O, or Hy-O,-O3 mixtures. For all other fuels surveyed, including Hj-air mixtures at
atmospheric conditions and all hydrocarbon mixtures both at low and atmospheric pressures, simula-
tions are not able to reproduce experimental cell sizes, even when the effective activation energy is low.
In particular, the errors in cell sizes range from a factor of 3 — 4 up to more than an order of magnitude.
The cause of these discrepancies could potentially be due to the uncertainties in the chemical model,
thermal non-equilibrium, effects of wall losses, or insufficient numerical resolution. These effects are
analyzed in a separate paper.
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