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1 Introduction

Understanding the overall behaviors of deflagration wave under elevated temperature (and pressure)
conditions is essential for the development of various applications, including highly efficient internal
combustion engines. It has been reported that the flame characteristics of deflagration wave under such
environment depend on the significance of chemical reactions in its preheat zone [1], [2]. For instance,
low-temperature oxidation in the preheat zone is significant for some specific fuels such as n-heptane.
The interactions between deflagration and low-temperature oxidation have been studied using stretch-
free planar flames [2]-[5], spherical propagating flames [6], [7], and micro flow reactor [8], [9] (see
also [10], [11]). Recently, it has been proposed theoretically and numerically [12] that when the unburnt
temperature exceeds a certain threshold, no 1D stretch-free planar flame structure exists at Lewis number
(Le) is greater than unity because autoignition predominates in the preheat zone of deflagration. This
vanishment of 1D stretch-free flame structure is referred to as “Explosive transition of deflagration” [12].
Such behaviors of deflagration wave at Le > 1 can be classified into three regions: (I) deflagration with
negligible chemical reaction in the preheat zone, (II) deflagration with non-negligible chemical reaction
in the preheat zone, and (III) phenomena beyond the explosive transition of deflagration. Fig. 1 depicts
the schematics of the behaviors of deflagration wave.

(I) Deflagration wave with negligible chemical reaction in the preheat zone
(IT) Deflagration wave with non-negligible chemical reaction in the preheat zone

<o Fxplosive transition of deflagration

Unburned gas temperature

(IIT) Phenomena beyond explosive transition of deflagration

Figure 1: Behaviors of deflagration wave including the explosive transition.

To control the explosive transition, controlling flow residence time in the preheat zone would be crucial.
A counterflow flame is advantageous since its flow residence time can be controlled via flame stretch
rate [13], [14] while flow residence time of a stretch-free planar flame is uniquely determined as the
eigenvalue [15]. In this study, we investigate the relationship between “ignition and deflagration” and
the effect of flame stretch on the behaviors of deflagration wave in detail at Le > 1 using counterflow
flame simulations. Discussion on the explosive transition will be based on findings on the preheat
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zone structure influenced by flame stretch and Lewis number [16], [17]. Note that the behaviors of
deflagration wave near the explosive transition for stretch-free planar flames with general Lewis numbers
is made in this conference [18].

2 The relation between 0D homogeneous ignition and 1D counterflow flame

The detail of the theory discussed here is described in [12]: reaction progress of OD homogeneous
ignition and 1D stretch-free planar flame were compared using a spacio-temporal transformation. A
brief description using 0D homogeneous ignition and 1D counterflow flame is given here.

2.1 Governing equations for 0D homogeneous ignition

The governing equations for 0D homogeneous ignition with a multi-step chemical reaction model for
the constant pressure and enthalpy case are given by

W _ oW @y gy 9T R bW

dt ) T dt PCp

ey

where ¢ is time, Y, is the mass fraction of k** species, w is the chemical production rate of k" species,
hy, is the specific enthalpy of k" species, p is the mass density, 7" is the temperature, and K is the total
number of chemical species. The Legendre transformation of multivariate function, f(7,Y, p, t) for the
normalized Egs. (1) satisfy dT° /dt = —de /dt relation, where © = Yy and © = 1 — C for one-step and
multi-step chemical reaction models, respectively. C'is a progress variable. The normalized temperature
and O are defined by T = (T — Tp)/(Ty — Tp), © = (01 — ©)/(01 — O) , respectively. ( )o and ( );
refer to as unburnt and burnt states, respectively. Note that, the Eqgs.(1) can be normalized as follows
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Since the relation between 7" and © is independent of time, it can be transformed using the residence
time 7. It is the total time that the fluid parcel has spent inside a control volume defined by

T_/ 1dac, 3)
zo U

where u is the velocity of the fluid parcel and x is the position of the fluid parcel. The total differential
of the residence time is d7 = u~'dz. Then Egs. (2) can be rewritten using the position of fluid parcel
using © as follows
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2.2 Governing equations for 1D counterflow premixed flame

The reduced governing equations for 1D counterflow premixed flame along the stagnation-point stream-
line with a multi-step chemical reaction model are given by

dpu +2pV =0, ®)

dx
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where u is the axial velocity, v is the radial velocity, V' = v/r is the scaled radial velocity, A is the
pressure eigenvalue independent of z, u is the dynamic viscosity, A is the thermal conductivity of the
mixture, and Dy, is the diffusion coefficient of k" species. The Egs. (7) and (8) can be rewritten using
the normalized temperature and © as follows
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The only difference between Eqs. (9) and Eqs. (4) is the first terms on the right-hand sides in Egs. (9).
When the Lewis number of ©, Le = \/(pc, D) is unity, the mass and energy conservation equations for
0D homogeneous ignition Eqgs. (4) after the spacio-temporal transformation using Eq. (3) and for 1D
counterflow flame Eqgs. (9) using normalized temperature and O are equivalent.

3 Results and discussion
3.1 Numerical methods and conditions

Computations of 0D homogeneous ignition and 1D counterflow flame with a one-step chemical reac-
tion model [19] and a detailed chemical reaction model [20] were performed using Cantera v2.6 [21]
with constant pressure and enthalpy. A C3Hg/O2/He mixture was used to obtain the mixture of Lewis
numbers of both fuel and oxidizer are substantially higher than unity. The ratio of Oy to He was 21:78
and the equivalence ratio was set to 0.7. Note that a flame should be located far enough from the inlet
boundary to minimize the effect of inlet boundary on the temperature and deficient reactant profiles, and
to maintain the ideal counterflow velocity field profile.

3.2 1D Counterflow Flame Behavior near the Explosive Transition of Deflagration

To investigate the behavior of deflagration wave near the explosive transition, 0D homogeneous ignition
and 1D counterflow flame under elevated temperature conditions after the spacio-temporal transforma-
tion were compared. Fig. 2 shows the behavior of 1D counterflow flame and 0D homogeneous ignition
under the unburnt temperatures of 7y = 500 K, 1140 K, and 1240 K with the one-step chemical reaction
model [19]. Fig. 2a shows the temperature profiles of 0D homogeneous ignition and 1D counterflow
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flame after the spacio-temporal transformation using Eq. (3). The OD homogeneous ignition and 1D
counterflow flame reached their maximum gradients at almost the same time under the 7 = 1240 K.
Note, the explosive transition of 1D stretch-free planar flame occurred when the 0D homogeneous ig-
nition and 1D stretch-free planar flame reached the maximum temperature gradient at the same order
of the residence time [12]. Fig. 2b shows the relatlonshlp between the normalized temperature (T) and
normalized mass fraction of fuel (Yf) T = Yf line is equivalent to the 0D homogeneous ignition and
Le = 1 condition [12]. All three profiles are convex above T = Yf line because unburnt fuel was
preferential]y heated more than it diffuses with Le > 1 as in [12], [22]. T at a certain fff is larger than
T = Yf line and the reaction progress in Le > 1 deflagration proceeds slower than reaction progress
lying on T = Yf line. In other words, there is a possibility that the deflagration at Le > 1 may cease
to exist when autoignition predominates in the preheat zone. The profile under the 7T = 1240 K in the
vicinity of the (T, f/f) =(0, ) liesonT = f/f line. That is, the preheat zone structure of 1D counterflow
flame corresponded to the 0D homogeneous ignition.
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Figure 2: (a) Temperature profiles of 0D homogeneous ignition and 1D counterflow flame after the
spacio-temporal transformation. (b) The normalized fuel mass fraction and temperature profiles. The
dotted line of T = Y7 is equivalent to the 0D homogeneous ignition and deflagration at Le = 1.

Figure 3 shows the behavior of 1D counterflow flame and OD homogeneous ignition under the inlet
temperatures of 7y = 800 K, 1420 K, and 1580 K with the multi-step chemical reaction model [20].
Fig. 3a shows that under 7, = 1580 K, both the 0D homogeneous ignition and 1D counterflow flame
had the maximum temperature gradients at nearly the same time, about 300 K higher than that with the
one-step chemical reaction model. This should be due to the difference of equilibrium temperatures and
of the reaction process, i.e., C3Hg does not directly become CO3 since the multi-step chemical reaction
occurred. Fig. 3b shows the relationship between the normalized temperature (T) and the normalized
progress variable (1 — C’). The progress variable was defined as C' = Yoo + Yco, + Y, + Yu,0
[23] which allowed the simulation to accurately reproduce the phenomena was employed here. Since
the fuel was depleted before the temperature reached the final state, Yf and T have lost one-to-one
correspondence (bijectivity). Therefore, the relationship between T and f’f no longer represents the
characteristics of overall reaction progress. For the sake of comparison with Fig. 2, the relation of
(1— C’) and T is shown. All three profiles are convex above the T = 1 — C' line as in these with the
one-step reaction model. The profile under the Ty = 1580 K in the vicinity of the (T,1-C)=(0, 1)
lies on the T = 1 — C line. That is, the preheat zone of 1D counterflow flame corresponded to the 0D
homogeneous ignition if the appropriate C' was usedas © =1 — C.

4 Conclusions

The relationship between “ignition and deflagration” and the effect of flame stretch on the behavior of
deflagration wave near the explosive transition of deflagration were investigated at Le > 1. The OD ho-
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Figure 3: (a) Temperature profiles of 0D homogeneous ignition and 1D counterflow flame after the
spacio-temporal transformation. (b) The noramlized progress variable and temperature profiles. The
dotted line of 7' = 1 — C' is equivalent to the 0D homogeneous ignition and deflagration at Le = 1.

mogeneous ignition and 1D counterflow flame reached their maximum temperature gradients at almost
the same time under the 7y = 1240 K with the one-step chemical reaction model and the 7, = 1580
K with the multi-step chemical reaction model, while the explosive transition of 1D stretch-free planar
flame occurred when the 0D homogeneous ignition and 1D stretch-free planar flame reached the maxi-
mum temperature gradients at the same order of the residence time [12]. It was suggested that the flame
stretch would suppress the explosive transition. This can qualitatively explain the effect of turbulence
on the knocking onset reported in the literature [24]. Under such conditions, the profile in the vicinity
of (T,Y}) = (1,0) lied on Y = T line in T — Y; plane with one-step chemical reaction model. This
indicated that the preheat zone of 1D counterflow flame is being equivalent to OD homogeneous igni-
tion. These deflagrations can be classified in the type (II) near the explosive transition. The equivalent
phenomena could be confirmed with multi-step chemical reaction model if the progress variable C is
used instead of Y7.
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