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For large hydrocarbon fuels such as n-heptane, multistage ignition occurs at low initial temperature. There-
fore, multiple pressure pulses produced by multistage ignition and complicated reaction-pressure wave in-
teractions are expected to happen during autoignition and reaction front propagation initiated by a hot spot.
In this study, 1D simulations are conducted for n-heptane/air mixture with three ignition stages respectively
caused by low-, intermediate- and high-temperature chemistries. Multiple pressure waves, shock waves, and
detonation waves are identified and they are found to be generated by heat release from different ignition
stages and reaction-pressure wave interactions. The thermal states of flow particles at different initial loca-
tions are tracked and analyzed; and the mechanism for the development of multiple shock waves and detona-
tion waves is discussed. With the change of temperature gradient inside the hot spot or the hot spot size, such
interactions can be strengthened or weakened and thereby the mode of supersonic reaction front propagation
changes. Furthermore, both planar and spherical configurations are considered and the curvature effects are
examined. It is found that in spherical configuration, the pressure wave caused by intermediate-temperature
ignition is not strong enough to induce a second detonation wave as that in planar configuration.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

High compression ratio helps to improve thermal efficiency in
spark ignition engines (SIEs) [1]. However, the tendency of knock in-
creases greatly with compression ratio and currently knock is a severe
constraint for downsizing SIEs with turbocharging [1-4]. Therefore,
engine knock has received great attention recently [5-7]. It is gener-
ally accepted that knock in SIEs is caused by end-gas autoignition [1]
and that the coupling between chemical reaction and pressure wave
plays an important role in knock formation [5,8-10]. As mentioned
by Wang et al. [10], “knocking is still at an early stage of understand-
ing”. Therefore, in order to understand knock mechanism, studies on
various autoignition modes and reaction-pressure wave interaction
are still needed.

Zel'dovich et al. [11,12] first analyzed different autoignition modes
caused by non-uniform reactivity (i.e., a spatial distribution of igni-
tion delay time). They found that detonation can develop at certain
reactivity gradient. In the following decades, many studies were con-
ducted to verify and to extend this theory using simplified one- or
two-step kinetic models [13-17] or detailed reaction models [18-24].
More recenctly, Im et al. [54] have proposed a regime diagram for au-
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toignition of homogeneous reactant mixtures with turbulent velocity
and temperature fluctuations; and Grogan et al. [55] have developed
an ignition regime diagram considering the competition between
turbulent, chemical, and heat transfer effects in rapid compression
machines. In these studies, the hot spot model with linear temper-
ature distribution was popularly used and detonation was indeed
observed at certain temperature gradient. However, only simplified
chemistry models (one- or two-step chemistry) or simple fuels (such
as Hy, CO and CH,4) were considered. Therefore, the chemistry consid-
ered in previous studies is greatly different from that of large hydro-
carbon fuels used in SIEs, for which low-temperature chemistry and
negative-temperature coefficient (NTC) phenomenon are involved.
In the literature, only a few studies considered autoignition and
combustion modes of large hydrocarbon fuels with low-temperature
chemistry. For examples, Ju et al. [25] investigated the ignition and
flame propagation modes in n-heptane/air mixture and identified
different combustion regimes caused by low- and high-temperature
chemistries; Martz et al. [26] studied the combustion regime of a
reacting front propagating into an auto-igniting iso-octane mixture;
Sun et al. [27] found that low temperature ignition can cause strong
pressure wave and flame oscillation in concentration-stratified n-
heptane/air mixtures; and Im and coworkers [28-33] systematically
examined the effects of turbulence and temperature inhomogeneity
on autoignition processes of different fuels with/without low temper-
ature chemistry. However, in all aforementioned studies, shock wave
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and detonation caused by reaction-pressure wave interaction were
not observed. Only in our recent work [24], different supersonic au-
toignition modes including shock wave and detonation were iden-
tified for n-heptane/air mixture within the NTC regime. However, in
[24] we did not focus on multistage ignition or its influence on modes
of supersonic reaction front propagation for n-heptane/air at low ini-
tial temperature.

For large hydrocarbon fuels such as n-heptane, multistage ignition
occurs at low initial temperature. Heat release during different igni-
tion stages might produce different pressure pulses. Therefore, com-
plicated reaction-pressure wave interactions are expected to happen.
This was not investigated before and will be focused on in the present
work. Although planar and spherical configurations were considered
in previous studies, the geometry/curvature effects on supersonic re-
action front propagation are still not well understood and will be ex-
amined here.

Therefore, based on above discussion, the objectives of the present
study are two-fold. First, we investigate the supersonic reaction front
propagation initiated by a hot spot in n-heptane/air mixture with
multistage ignition. Pressure waves generated by different ignition
stages are identified and their influence on modes of supersonic au-
toignition front propagation is examined. Second, we study the differ-
ence between ignition behaviors in planar and spherical configura-
tions. The curvature effects in spherical configuration which weaken
pressure waves and detonation waves are assessed.

It should be emphasized that the present work is different from
[25] in three aspects: (1) in [25] a hot kernel of 1400 K was used
to mimic spark assisted compression ignition while here a hot spot
with linear temperature gradient is used to initialize the reaction
front propagation; (2) as a result, supersonic reaction front was
not observed in [25] while it is observed here; and (3) multiple
pressure/shock/detonation waves generated by heat release from dif-
ferent ignition stages are identified and analyzed here through track-
ing the thermal states of flow particles at different initial locations
while this was not found/conducted in [25].

The paper is organized as follows: in Section 2, the numerical
model and methodologies are presented; then in Section 3, three ig-
nition stages of n-heptane/air mixture at low initial temperature are
identified and the critical temperature gradient is discussed; the in-
teraction among different ignition stages and pressure waves as well
as the geometry/curvature effects are investigated in Section 4; and
finally, the conclusions are summarized in Section 5.

2. Numerical model and methodologies
2.1. Numerical model

In order to investigate the supersonic reaction front propaga-
tion and the interaction among different ignition stages and pressure
waves, we simulate the transient autoignition process initiated by a
hot spot for n-heptane/air mixture in a 1D closed chamber.

The transient autoignition process is simulated using the in-house
code A-SURF [24,34,35]. A-SURF solves the conservation equations
(including the unsteady Navier-Stokes equations as well as the en-
ergy and species conservation equations) for 1D, adiabatic, multi-
component, reactive flow in a planar or spherical coordinate:

oU , 9F(U)

ot 0x

+N%U) =F,U) + Sk (1)

where N is the geometry factor (N = 0 and 2 for planar and spheri-
cal coordinates, respectively); and t and x are respectively the tem-
poral and spatial coordinates (x should be replaced by r for spherical
configuration). In Eq. (1), the vectors U, F(U), G(U), F,(U), and Sg are

defined as:
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In Eq. (2), p is the density, Y, the mass fraction of species k, u the
flow velocity, and E the total energy per unit mass. The subscript x
in F,(U) stands for the partial derivative with respect to x. Instead of
solving the continuity equation, the species conservation equations
for all n species are solved in A-SURF. The continuity equation is re-
covered from the summation of all species conservation equations.

In the species conservation equations, wy, and V; are the produc-
tion rate and diffusion velocity of species k, respectively. The produc-
tion rate wy, is specified via collection of elementary reactions

o " / n PYy Vs
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where M, is the molecular weight of species k; n; is the total number
of elementary reactions; v1/<, i and v,’(’ j are the molar stoichiometric
coefficients of species k in reaction j; and Ky ; and K ; are the for-
ward and reverse reaction rate of reaction j. The forward reaction rate
for each elementary reaction is usually modeled using the empirical
Arrhenius law

. E;
Ky =As,TPiexp <R%> (4)

where Ay; is the pre-exponential constant, B; the temperature ex-
ponent, and E; the activation energy. The reverse reaction rate can
be obtained from chemical equilibrium constant and the forward re-
action rate. These parameters (Ayj, B}, E;) are given in the chemical
mechanism and the reaction rates are calculated using the CHEMKIN
package [36].

In simulation we use the skeletal mechanism for n-heptane ox-
idation [37]. It consists of 44 species and 112 elementary reactions.
This mechanism has been demonstrated to be able to accurately pre-
dict ignition (including the NTC regime) and flame propagation in n-
heptane/air mixtures at a broad range of temperature and pressure
[37].

The diffusion velocity of species k is composed of three parts:

Ve =Vey +Vir + Ve (5)
Vléy is the ordinary diffusion velocity given by the mixture-

averaged formula [38]:

1 9(Y,M)
YWViy = —Dim = =50

where Dy, is the mixture-averaged diffusion coefficient of species k
and M is the mean molecular weight of the mixture.

(6)
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Vi ; is the thermal diffusion velocity, which is included only
for low molecular weight species (hydrogen atom and hydrogen
molecule):

M, oT

MT 0x

where ©y is the thermal diffusion ratio of species k.
The correction velocity V/ hcls included to ensure the compatibility

of species and mass conservation equations [38]. It is determined by
the requirement of

Yk‘/k/j = ka®k (7)

n
> V) =0 (8)
k=1
In the momentum equation, P is the pressure and the viscous
stresses, 71 and 75, are
ou 2 1 9(xNu) u 2 1 9xNu)
T =205 — s h— , =2U— — s h—
! Max 3’uxN ax 2 'ux 3MxN ax
where p is the dynamic viscosity of the mixture.
In the energy conservation equation, the total energy, E, is defined
through

(9)

E=—P+pu?/2+ ph, h= Z(Ykhk) e = hm/ Goi(T)dT

k=

(10)

where T is the temperature, h; the enthalpy of species k, hy o the
species enthalpy of formation at the reference temperature Ty, and
Cp.i the specific heat of species k at constant pressure. The heat flux
is

qg=x" )»*—PZ(thk k) (11)

where A is the thermal conductivity of the mixture. In the energy
equation, the viscous dissipation rate is
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The pressure can be obtained from the density, temperature and
mean molecular weight using the equation of state for an ideal gas
PRT

M
where R = 8.314 J/(mol K) is the universal gas constant.

The thermodynamic and transport properties in Egs. (6)-(13) are
evaluated using the CHEMKIN and TRANSPORT packages [36,38] in-
terfaced with A-SUREF. It is noted that the present model is simplified
by not including the effects of multicomponent diffusion and bulk
viscosity.

In the model we consider transient autoignition initiated by a hot
spot in a 1D closed chamber. The model is shown schematically in
Fig. 1. The hot spot located near the left boundary is modelled by a
linear temperature distribution with negative gradient. The initial
temperature distribution is:

T + (x— %)? for0 <x < x;
T(t=0.%) = X (14)
T 4% Xs dTo
2 dx
where x; is the hot spot size, T, is the initial local temperature at
x = 0.5x;, and dTy/dx is the negative temperature gradient inside
the hot spot (dTy/dx is a constant to be specified). Stoichiometric

P= (13)

To(x) =
for x > x;

Reaction front
propagation
1
T
T, (given in equation 14)

Hot spot
P,=40 atm

u,=0 m/s

Yy (stoichiometric nC;H,¢/air)

g ~
> X
0 Xs L
Fig. 1. Schematic of reaction front propagation in a 1D closed chamber with the length

of L. The initial conditions are also shown. For the spherical configuration, x should be
replaced by r.

n-heptane/air mixture at the initial pressure of Py = 40 atm is con-
sidered. The mixture is static at the beginning (i.e., ug = 0 m/s). We
consider the transient autoignition process occurring in a 1D closed
chamber which has the length of L = 10 cm. Adiabatic, nonpenetra-
tive, reflective boundary conditions are adopted for both boundaries
atx=0andx =1L:

9T 3y, 9P
u=0, o =k=o =0 (15)

It is noted that in this study the spatial coordinates for both pla-
nar and spherical configurations are denoted by the same symbol x.
Therefore, x should be replaced by r in spherical configuration.

2.2. Numerical methods

The finite volume method is used to discretize the governing Eq.
(1). The second-order accurate, Strang splitting fractional-step proce-
dure [39] is utilized to separate the time evolution of the stiff reaction
term Sk from that of the convection and diffusion terms. In the first
fractional step, the non-reactive flow is solved:

U IFU) |\ GU)
3t Tax TN =HU)

IC:U(x, t") =U"
The chemistry is solved in the second fractional step for a homo-
geneous system at each grid
du
ODE : — =S (U
- =Sk(U)
IC : g+t

PDE :

= Un+1 (16)

= Ul (17)

The two steps given by Eqs. (14) and (15) are denoted by operator
() and operator S(1), respectively. Based on the above splitting, the
solution can be evolved from its initial value U" at time t", by one
time step of size At, to a value U"t1 at time £*t1 = " + At,

Un+1 _ SAt/ZcAtsAt/Z(un) (18)

For the C operator, the Runge-Kutta, MUSCL-Hancock, and cen-
tral difference schemes, all of second-order accuracy, are employed
for the calculation of temporal integration, convective flux, and diffu-
sive flux, respectively. In the S operator, the chemistry is solved in the
second fractional step using the VODE solver [40]. The complicated
chemistry can be efficiently handled in A-SURF using the algorithms
developed by Gou et al. [41,42].

A multi-level, dynamically adaptive mesh refinement algorithm
is used in A-SURF to ensure adequate numerical resolution of the
reaction zone, pressure wave, shock wave, and detonation wave
[24,34,35]. The reaction zone, pressure wave, shock wave, and det-
onation wave are always covered by the finest mesh with the width
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Fig. 2. Temporal evolution of (a) heat release rate and (b) temperature during 0D ho-
mogeneous ignition processes for stoichiometric nC;H;g/air mixture at Tp = 780 K and
Py =40 atm. The results at the midpoint of a hot spot in 1D planar configuration (¢ =4,
xs = 0.5 cm, T, = 780 K, Py = 40 atm) are also shown for comparison. The inset indi-
cates that there are three ignition stages: low-temperature ignition (LTI), intermediate-
temperature ignition (ITI), and high-temperature ignition (HTI).

of 2 pm. Explicit method is used for temporal integration and the
time step is 4 x 10710 s, A-SURF has been successfully used in pre-
vious studies on ignition and flame propagation (e.g., [43-48]); and
it has been demonstrated that A-SURF can capture the propagation
of flame, shock wave and detonation wave (see the supplementary
documents of Refs. [24,34]).

3. Zero dimensional homogenous ignition
3.1. Multi-stage homogeneous ignition

For large hydrocarbon fuels, ignition is usually dominated by dif-
ferent chemical paths at different temperature ranges; thereby multi-
ple ignition stages may appear [49-51]. Figure 2 shows the temporal
evolution of heat release rate and temperature during 0D homoge-
neous ignition processes at constant-volume and constant-pressure
conditions. The results for the ignition process at the midpoint inside
a hot spot in 1D planar configuration are also shown for compari-
son. The initial pressure and temperature of these three cases are the
same: Py = 40 atm and Ty = 780 K which is below the NTC regime
(see Fig. 3). The inset of Fig. 2 shows three ignition stages as indicated
by three local peaks of heat release rate. Similar three-stage ignition
process was also observed for DME/air mixture [51]. These three ig-
nition stages are respectively dominated by low-, intermediate- and
high-temperature chemistries [50,51]. Therefore, they are referred to
as the low-temperature ignition (LTI), intermediate-temperature ig-
nition (ITI), and high-temperature ignition (HTI), respectively.

Moreover, Fig. 2 shows that the non-homogeneous ignition
process at the midpoint of the hot spot stays between the OD
homogeneous ignition processes at constant-volume and constant-
pressure. This is because the pressure pulse induced by local heat
release propagates outwardly at sound speed, which makes the
non-homogeneous ignition process behave between isochoric and

750 800 850 900 950 1000

Fig. 3. Change of constant-volume homogeneous ignition delay time with the initial
temperature for stoichiometric nC;Hyg/air mixture at Py = 40 atm. The results for three
ignition stages, LTI, ITI, and HTI, are plotted.

isobaric homogeneous ignition processes. Similar phenomenon was
observed in the simulation conducted by Kurtz and Regele [17].

We define the ignition delay times for these three ignition stages,
LTI, ITI and HTI, based on the local maximum heat release rate. The
homogeneous ignition delay times are plotted in Fig. 3. The ignition
delay time of LTI is shown to be non-monotonic and there exists a
minimum value around 900 K. This non-monotonic trend was ex-
plained by Zhao and Law [52]. (It is noted that in [52] OD homo-
geneous ignition and 1D counterflow non-premixed ignition were
studied and the focus was on the first-stage ignition delay. Therefore,
the work in [52] is different from present study which investigates
multiple shock and detonation waves generated by heat release from
different ignition stages and their interactions with pressure waves.)
Moreover, Fig. 3 shows that the ignition delay times of LTI, ITI and
HTI are very close when T < 820 K, and that the difference between
the ignition delay times of LTI and ITI becomes apparent only when
the initial temperature is above 820 K. Since the global ignition delay
time for the entire ignition process is equal to the ignition delay time
of HTI (i.e., T = Tyry), Fig. 3 indicates that the NTC regime for stoichio-
metric nC;H;g/air mixture at Py = 40 atm is 850 < Ty < 955 K.

3.2. Critical temperature gradient

The spatial temperature non-uniformity in the hot spot causes a
distribution of local ignition delay time, which leads to sequential au-
toignition events [12,20]. Therefore, the linear temperature distribu-
tion in the hot spot, as shown in Fig. 1, can generate an autoignition
wave (or reaction front). Its propagation speed, ug, is inversely pro-
portional to the gradient of the ignition delay time [12,20]:

-1 -1
dr dr dT,
(&) (&%)

According to Zel'dovich [12], when the autoignition front propa-
gates at the sound speed, g, it can be coupled with the pressure wave
generated by local heat release and the mutual reinforcement be-
tween them may lead to detonation development. The temperature
gradient at which u, = a is defined as the critical temperature gra-
dient [20]. According to Eq. (19) and the requirement of u; = q, the
critical temperature gradient is [20]:

dTO dr !
()-8
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Fig. 4. Change of critical temperature gradient with the initial temperature for stoi-
chiometric nC;Hyg/air mixture at Py = 40 atm. The results for three ignition stages, LTI,
ITI, and HT], are plotted.

Figure 4 plots the critical temperature gradient for all three igni-
tion stages. It is observed that the critical temperature gradient for
LTI is different from those for ITI and HTI when T, > 820 K. How-
ever, the critical temperature gradients for different ignition stages
are shown to be close to each other when the initial temperature is
below 820 K. This indicates that at some proper temperature gradi-
ent (not necessarily to be the critical temperature gradient itself, as
explained in [20]), all three ignition stages may couple with the cor-
responding pressure waves and thus lead to strong chemical-acoustic
interactions.

4. One dimensional ignition from a hot spot

In NTC regime with 850 < T, < 955 K, the critical temperature
gradient is positive (see Fig. 4) and thereby reaction front propaga-
tion can be induced only by a cool spot. This was investigated in our
previous study [24]. Here we focus on supersonic reaction front prop-
agation initiated by a hot spot with the initial temperature around
780 K, which is below the NTC regime. Unless otherwise specified,
hot spots with T, = 780 K and xs = 0.5 cm in both 1D planar and
spherical configurations are considered.

The non-dimensional temperature gradient of the hot spot is in-
troduced as [20]:

_dn, /{(dn
-/ (W),

where the critical temperature gradient, (dTy/dx). = —0.12 K/mm, is
evaluated at T, = 780 K (at which the critical temperature gradients
for LTI, ITI and HTI are nearly the same as shown in Fig. 4).

4.1. Ignition in 1D planar configuration

Autoignition processes with different values of non-dimensional
temperature gradient, &, are simulated. The typical autoignition pro-
cess at £ = 4 is discussed below since it involves complex interac-
tions among different ignition stages and pressure waves. The re-
sults are shown in Fig. 5. It is observed that autoignition of the hot
spot generates a first detonation wave (denoted as D1 in Fig. 5) and
a strong pressure/shock wave (marked by open circles P on lines #5
and #6 in Fig. 5a) in front of it. As will be shown later, the detona-
tion wave and the preceding pressure/shock wave are caused by local
high-temperature ignition (HTI) and intermediate-temperature igni-
tion (ITI), respectively. Due to the reinforcement by local heat release
from chemical reactions, the ITI-induced pressure wave eventually
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-
!
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E | ! Sls2
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Fig. 5. Temporal evolution of (a) temperature, (b) pressure, and (c) heat release
rate distributions in 1D planar configuration with & = 4 (dTy/dx = —0.48 K/mm),
Tm = 780 K, and x; = 0.5 cm. The time sequence is 1: 1000 jis, 2: 1025 s, 3: 1030 s,
4:1034 ps, 5: 1037 ps, 6: 1039 s, 7: 1041 s, 8: 1044 pus.

evolves into a shock wave. This pressure wave and the subsequent
shock wave are therefore called as ITI pressure wave and ITI shock
wave, respectively.

The propagation of pressure/shock waves is marked in Fig. 6,
which plots the enlarged pressure distributions shown in Fig. 5. Be-
sides ITI pressure/shock wave, it is observed that there is another
weak pressure wave ahead of the ITI pressure/shock wave, which is
marked by open squares in Fig. 6. This weak pressure wave is caused
by local low-temperature ignition (LTI) and therefore it is referred to
as LTI pressure wave. Since the heat release of LTI is much lower than
that of ITI and the excitation time of LTI is apparently longer than that
of ITI (see the inset in Fig. 2), the LTI pressure wave is much weaker
than ITI pressure wave. The temperature increases and thereby the ig-
nition delay reduces when the mixture is compressed by these pres-
sure waves. Consequently, the mixture between the ITI pressure wave
and detonation wave D1 reacts rapidly (from line #5 to line #6 in Fig.
5), and thereafter produces a second detonation wave D2 (line #7 in
Fig. 5). Meanwhile, the first detonation wave D1 degenerates into a
shock wave (S1) since the reactants in the upstream of D1 are con-
sumed by autoignition and D2 (line #7 in Fig. 5). Finally, autoigni-
tion occurs in the mixture in front of the second detonation wave D2
and it generates two supersonic autoignition fronts propagating in
the opposite directions (line #7 in Fig. 5). After the collision between
the second detonation wave D2 and the supersonic autoignition front
propagating to the left, all the reactants are consumed and thereby
D2 becomes a shock wave S2 (line #8 in Fig. 5).
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Fig. 6. Enlarged display of pressure distributions shown in Fig. 5(b). The local peak
pressures are marked by open (for LTI) and closed (for ITI) squares. The time sequence
is the same as that in Fig. 5.

In order to demonstrate that the LTI pressure wave and ITI
pressure/shock wave shown in Fig. 6 are respectively induced by
the LTI and ITI inside the hot spot, we consider the case in which
the mixture initially surrounding the hot spot is inert. The inert sur-
rounding mixture has zero reaction rate; but it has the same thermal
and transport properties as normal reactive nC;H;g/air mixture. The
interface between the reactive mixture inside the hot spot and the
inert surrounding mixture is initially located at x = x; = 0.5 cm and it
is continuously pushed toward the right side. The initial temperature
distribution is not changed (i.e., § =4, T, = 780K, and xs; = 0.5 cm).
The results are plotted in Figs. 7 and 8. Figure 7 shows that the first
detonation D1 is developed and it propagates to the right, which is
similar to D1 shown in Fig. 5 for normal reactive mixture. In front of
D1, there is a pressure wave propagating at the local sound speed.
This pressure wave is caused by the ITI inside the hot spot since
there is no heat release from the inert sounding mixture. Unlike
the case considering normal reactive nC;H;g/air mixture shown in
Fig. 5, Fig. 7 shows that the detonation wave D1 catches up with the
ITI pressure wave. This is because the ITI pressure wave propagates
into the inert surrounding mixture and there is no reaction-pressure
wave interaction to make it become a second detonation D2 as that
in Fig. 5 for normal reactive surrounding mixture. The LTI pressure
wave is depicted by the enlarged display shown in Fig. 8. Both LTI
pressure wave and ITI pressure wave are shown to appear even when
the chemical reaction is disabled for the mixture initially outside the
hot spot. This indicates that LTI pressure wave and ITI pressure wave
are indeed induced respectively by LTI and ITI inside the hot spot.

It is noted that only in Figs. 7 and 8 is inert surrounding mixture
considered. All other figures show the results for normal reactive sur-
rounding mixture (i.e., the mixture in the whole domain is reactive).

The change of reaction front, x;, with time, ¢, is plotted in Fig. 9 for
the case shown in Fig. 5. The reaction front, xy, is defined as the loca-
tion where temperature reaches 2000 K. Nearly the same results are
obtained when the reaction front is defined as the position of local
peak heat release rate. It is observed that at certain time period, mul-
tiple reaction fronts exist and propagate in opposite directions due
to local autoignition caused by ITI or LTI pressure waves. The inset
in Fig. 9 depicts the reaction front propagation trajectories, cd and cb,
which are caused by the ITI pressure/shock wave (see line #6 in Figs. 5
and 6). The left-propagating reaction front, cb, collides with the first
detonation wave D1; and the right-propagating reaction front, cd,
evolves into the second detonation wave D2. The propagating speed
of D1 and D2 is around 1720 m/s, which is different from the C-J det-
onation speed of 1855 m/s for stoichiometric nC;Hyg/air at T = 780 K

——————————
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Fig. 7. Results for autoignition in 1D planar configuration with & = 4
(dTp/dx = —0.48 K/mm), T, = 780 K, and x; = 0.5 cm (same as those in Fig. 5).
The mixture initially outside the hot spot (i.e., x > x;) is inert (i.e., the chemical
reaction is artificially disabled throughout the simulation). The time sequence is 1:
1017 s, 2: 1075 s, 3: 1086 s, 4: 1089 s, 5: 1090 ws, 6: 1091 s, 7: 1092 s, 8:
1096 us. At t = 1096 s (lines #8), the interface between the reactive mixture and the
inert mixture is pushed from x = x; = 0.5 cm to x = 0.96 cm due to expansion.

and Py = 40 atm. Such small difference (around 7%) is reasonable
since D1 and D2 occur after LTI and ITI. It is also noticed that the deto-
nation speed of D1 and D2 is much lower than that of the autoignitive
reaction fronts, cb and cd.

The autoignition caused by LTI pressure wave occurs in front of
the second detonation wave D2 and it generates two supersonic
reaction fronts, fg and fe, propagating in the opposite directions (see
Fig. 9 and line #7 in Fig. 5). The left-propagating reaction front, fe,
meets the second detonation wave D2; and the right-propagating
reaction front, fg, does not evolve into a detonation wave since the
rest of unburned mixture is quickly consumed. The propagation
speed of these two supersonic reaction fronts, fg and fe, is above
10,000 m/s, which is much larger than sound speed and detonation
speed. Therefore, these supersonic reaction fronts are controlled only
by local autoignition (chemical reactions) and the pressure wave
cannot be coupled with the local autoignition/reaction.

To further reveal the chemical-gas dynamic interaction during the
supersonic reaction front propagation, the thermal states of flow par-
ticles at different initial locations are traced [53]. First, the position of
a particle is updated by its current flow speed multiplying the time
step size of 4 x 10710 s; then, the thermal states of this particle are
obtained from linear extrapolation of corresponding states at its two
neighboring grids. For the case shown in Fig. 5, three flow particles
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Fig. 9. Change of reaction front, x;, with time, t. The conditions are the same as those
for Fig. 5 (i.e., & = 4, dTy/dx = —0.48 K/mm, T;;, = 780 K, and x; = 0.5 cm). The arrow
indicates the propagation direction (i.e., increase of time t). The propagation speed of
detonation waves D1 and D2 is around 1720 m/s.

initially at xq = 0.3 cm (inside the hot spot), Xy = 0.9 cm (around the
autoignition position caused by the ITI shock wave, see line #6 in Figs.
5and 6) and xy = 1.1 cm (the position passed by the second detona-
tion wave D2) are tracked. The diagrams of pressure versus specific
volume, P-v, for these three flow particles are depicted in Fig. 10. Be-
sides, the evolution of pressure, P-t, and that of heat release rate, Q-t,
are also shown for reference.

Fig. 10(a) shows typical evolution of thermal states of a flow par-
ticle inside the hot spot (xy = 0.3 cm). Points a, b and ¢ denote the
moments of peak heat release rate, which respectively correspond to
three ignition stages of LTI, ITI and HTI. The lower part of the P-v line
(before and slightly after point a) with increasing pressure and de-
creasing density (the inverse of v) represents a local autoignition and

expansion process dominated by LTI. After LTI, this flow particle is
compressed by ITI pressure wave propagating from its left side. The
heat release due to local ITI also increases the pressure. Therefore, the
pressure and density of this flow particle both increase (see the part
between points a and b on the P-v line). After point b, the pressure
decreases slightly due to the fact that the expansion effect dominates
over the ITI heat release effect. It is noticed that the pressure at point
b is much larger than that at point a (P, = 50 atm, P, = 71.5 atm). The
mixture immediately behind the right-propagating ITI pressure wave
is compressed to react rapidly and, in turn, further reinforce the pres-
sure wave. Therefore, there is mutual enforcement between the local
heat release due to intermediate-temperature chemistry and the ITI
pressure wave. The upper part of the P-v line is similar to that for a
classical ZND detonation structure. The upper part of the curve be-
tween points b and c on the P-v diagram is the Hugoniot line. How-
ever, it corresponds to mixture after LTI and ITI instead of unburned
fresh mixture. HTI occurs inside the first detonation wave D1 which
has already developed (from line #4 to line #5 in Fig. 5), indicating
that the first detonation wave D1 is driven by HTI instead of LTI or ITI.
Therefore, the evolution process of this flow particle inside the hot
spot is sequentially dominated by LTI, ITI pressure wave and ITI, and
detonation wave D1 with HTL

To show the autoignition process occurring at the position be-
tween the ITI shock wave and the first detonation wave, D1 (see line
#6in Fig. 5), Fig. 10(b) plots the evolution of thermal states of the flow
particle initially at xo = 0.9 cm. Again, points a, b and c respectively
correspond to three ignition stages of LTI, ITI and HTI. The part of P-v
line around point a represents the compression-expansion process,
which is caused by the passage of LTI pressure and local LTI heat re-
lease. After that, the right-propagating ITI pressure wave has already
evolved into a shock wave when it passes the flow particle initially at
Xo = 0.9 cm. This is marked on the P-v diagram shown in Fig. 10(b). It
is noticed in Fig. 10(b) that the local ITI heat release occurs before the
arrival of the ITI shock wave. Therefore, the ITI shock wave and local
ITI are not coupled with each other and the second detonation wave,
D2, is not yet developed at this flow particle. HTI (point c in Fig. 10b)
occurs after the passage of the ITI shock wave. Since the reactants is
completely consumed by HTI before the arrival of the first detonation
wave D1, D1 degenerates to a shock wave S1 and S1 passes the prod-
ucts of local HTI. Therefore, the evolution process of the flow particle
initially at xq = 0.9 cm is sequentially dominated by LTI pressure wave
and LTI, ITI, ITI shock wave, HTI, and shock wave S1.

Lines #6 and #7 in Fig. 5 indicate that the local autoignition caused
by ITI pressure wave generates another detonation wave D2. In order
to get more details on the development of detonation wave D2, Fig.
10(c) shows the evolution of thermal states of the flow particle ini-
tially at Xy = 1.1 cm. The LTI and ITI stages are similar to those shown
in Fig. 10(b) for the flow particle initially at X, = 0.9 cm. However,
Fig. 10(c) shows that after ITI around point b, there appears the det-
onation wave D2 instead of the ITI shock wave shown in Fig. 10(b).
The maximum HTI heat release rate (point c in Fig. 10c) is reached
after the shock wave (which corresponds to curve between points b
and c on the P-v diagram). This indicates that similar to detonation
wave D1, D2 is also maintained by high-temperature reactions. After
D2, the flow particle is compressed by the shock wave S1. Therefore,
the evolution process of the flow particle initially at Xy = 1.1 cm is
sequentially dominated by LTI pressure wave and LTI, ITI, detonation
wave D2 maintained by HTI, and shock wave S1.

The P-v diagrams for the above three flow particles as well as the
fourth one initially at xo = 8 cm are shown in Fig. 11 for comparison.
Lines #7 and #8 in Fig. 5 indicate that the flow particle initially at
Xp = 8 cm is passed by the autoignition front (i.e., nearly constant
volume ignition occurs) and thereby it corresponds to a vertical line
in the P-v diagram in Fig. 11. Moreover, it is observed that the P-v line
for detonation wave D1 passing the particle initially at X, = 0.3 cm is
similar to that for detonation wave D2 passing the particle initially
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Fig. 10. P-v (pressure versus specific volume), P-t (pressure versus time), and Q-t (heat release rate versus time) diagrams for particles initially at (a) xo = 0.3 cm, (b) xo = 0.9 cm,
and (c) xo = 1.1 cm. The conditions are the same as those for Fig. 5 (i.e., & = 4, dTy/dx = —0.48 K/mm, T, = 780 K, and x; = 0.5 cm).

at xg = 1.1 cm. As mentioned before, this is because both detonation
waves D1 and D2 are maintained by heat release from HTL

The above discussion focuses on the typical case with & = 4, in
which complex interactions among LTI, ITI, HTI and corresponding
pressure waves are observed. Simulation results indicate that with
the change of temperature gradient inside the hot spot, such inter-
actions may be strengthened or weakened and thereby the mode of
supersonic reaction front propagation changes. The reaction front
history for different temperature gradients is compared in Fig. 12.

When the non-dimensional temperature gradient is reduced from
& =4 to & = 2, the autoignition front propagates faster according
to Eq. (19). This weakens the coherent interaction between HTI and
pressure wave; and thereby no detonation can be developed for
& = 2. (It is noted that the critical condition for detonation devel-
opment is not & = 1. As shown in [20,24], detonation occurs when
& reaches some value above unity.) Similar observation was made
in previous simulations (e.g., [20,24]). However, due to the presence
of low- and intermediate-temperature reactions, the LTI and ITI
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Fig. 12. Change of reaction front, x;, with time, ¢, for 1D planar configuration with dif-
ferent temperature gradients inside the hot spot. The arrow indicates the correspond-
ing propagation direction. The propagation speed of detonation waves D1 and D2 for
& =4 is around 1720 m/s, and that of detonation wave D1 for & = 6 is 1800 m/s.

pressure waves can propagate in front of the conventional reaction
front dominated by HTI. Therefore, for the case of & = 2, Fig. 12 shows
that autoignition in front of HTI reaction front occurs twice (marked
as Al and A2 in Fig. 12) and generates new supersonic autoignition
fronts propagating in different directions. On the other hand, when
the temperature gradient is increased from & = 4 to £ = 6, the
autoignition front propagates slower according to Eq. (19). This
enhances the coherent coupling between HTI and pressure wave,
which induce a stronger detonation wave D1 propagating faster than
that in the case of & = 4. Fig. 12 shows that unlike the cases of £ = 2
and & = 4, there is only one supersonic autoignition front for £ = 6
(marked as A1 in Fig. 12) which occurs just in front of detonation
wave D1.

For all the results discussed above, the hot spot size is fixed to be
5 mm. In Fig. 13 the results for different hot spot sizes, x; = 3, 5 and
8 mm, are presented. Other parameters (§ =4, dTy/dx = —0.48 K/mm,
Tm = 780 K, Py = 40 atm) are the same as those for the case shown
in Fig. 5. Though detonation and autoignition fronts are observed
for these three cases, there are differences caused by the change in
hot spot size. When the hot spot size is reduced from x; = 5 mm to
Xs = 3 mm, the second detonation D2 does not occur since the fresh
mixture is quickly consumed by autoignition fronts A1 and A2. When
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Fig. 13. Change of reaction front, x;, with time, t, for 1D planar configuration with & = 4
and different hot spot sizes of 3, 5 and 8 mm. The arrow indicates the correspond-
ing propagation direction. The propagation speed of detonation wave D1 is around
1700 m/s.

the hot spot size is increased from x; = 5 mm to x; = 8 mm, Fig. 13
shows that only one supersonic autoignition front A1 occurs just in
front of detonation wave D1. This is similar to the case of £ = 6 shown
in Fig. 12. Therefore, Fig. 13 indicates that the hot spot size affects the
reaction-pressure wave interactions and the occurrence of different
autoignition and detonation fronts. The characteristic acoustic time
is usually defined as the ratio between hot spot size and sound speed
[20]. Therefore, the hot spot size affects the value of & (which is equal
to the ratio of acoustic time to excitation time), which is used to de-
termine the autoignition regimes [20,24].

4.2. Ignition in 1D spherical configuration

In this subsection, we consider ignition from a hot spot in a spher-
ical configuration. In order to compare with the results in Fig. 5 for
the planar configuration, we consider the same temperature gradi-
ent of £ = 4 in the spherical case. The values for other parameters
(Pg = 40 atm, Ty, = 780 K and rs = 0.5 cm) are also the same. The re-
sults are shown in Fig. 14. Unlike the planar case shown in Fig. 5, Fig.
14 shows that for the spherical case, only one detonation wave ap-
pears through the entire spherical ignition process. This detonation
wave is caused by direct coupling between HTI and its corresponding
pressure wave. Therefore, it is similar to detonation wave D1 in the
planar case.

The detonation and pressure waves in spherical configuration are
much weaker than those in planar configuration. This is due to inces-
sant expansion and attenuation of waves during propagation (i.e., the
curvature effect). Therefore, besides the relatively weaker detonation
wave D1, Fig. 14 shows that the ITI pressure wave is also much weaker
than that in the planar case in Fig. 5. Consequently, the ITI pressure
wave is not strong enough to evolve into a shock wave and thereby
the second detonation wave D2 does not appear in spherical configu-
ration. Due to the compression of the ITI pressure wave, autoignition
occurs in the mixture in front of the detonation wave D1 (see line #7
in Fig. 14) and it generates two supersonic autoignitive wave propa-
gating in the opposite directions. Detonation wave D1 collides with
the supersonic autoignitive wave propagating to the left and it be-
comes a shock wave S1 since all the reactants are consumed (from
line #7 to line #8 in Fig. 14).

The reaction front history for the spherical case is shown in
Fig. 15. It is observed that the speed of detonation wave D1 in
spherical configuration (1550 m/s) is much lower than that in planar
configuration (1720 m/s) since the detonation is weakened by the
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Fig. 16. Change of reaction front, Ry, with time, t, for 1D spherical configuration with
different temperature gradients inside the hot spot. The arrow indicates the corre-
sponding propagation direction. The propagation speeds of detonation wave D1 for
& =4 and & = 6 are respectively around 1550 m/s and 1630 m/s.

curvature effect. Similar to the planar case, the autoignition caused
by ITI pressure wave generates two reaction fronts propagating
in the opposite directions (along curves cd and cb in Fig. 15). The
LTI pressure wave causes the autoignition in front of detonation
wave D2 in planar configuration, however, does not induce local
autoignition in spherical configuration. This is because in spherical
configuration, the LTI pressure wave becomes weaker as it propagates
outwardly.

We also consider different temperature gradients in spherical con-
figuration and the results are shown in Fig. 16. The influence of tem-
perature gradient is shown to be similar to that for the planar con-
figuration in Fig. 12. At lower non-dimensional temperature gradient
of £ = 2, the reaction front propagates faster and no detonation is
observed. At higher non-dimensional temperature gradient of £ = 6,
first the hot spot generates an autoignitive wave propagating at rel-
atively low speed around 600 m/s; then autoignitive wave acceler-
ates and becomes a detonation wave D1. For these three tempera-
ture gradients, local autoignition (marked as A1 in Fig. 16) caused by
the ITI pressure wave generates reaction fronts propagating in differ-
ent directions. Unlike the planar case in Fig. 12, there is no local au-
toignition caused by the LTI pressure wave. As mentioned before, this
is because the LTI pressure wave becomes weaker as it propagates
outwardly in spherical configuration. Therefore, the curvature effects
changes the modes of supersonic reaction front propagation initiated
by a hot spot in n-heptane/air mixture with multistage ignition.

It is noted that for all the results discussed above, the initial tem-
perature is T, = 780 K (at which the critical temperature gradients
for LTI, ITI and HTI are nearly the same, see Fig. 4). Simulations are
also conducted for the initial temperature of T, = 840 K (at which
the critical temperature gradient for LTI is different from those for
ITI and HTI, see Fig. 4) and Ty, = 900 K (which is in the NTC regime,
see Fig. 4). Zero-dimensional simulation results for homogeneous ig-
nition process indicates that the intermediate-temperature ignition
stage is suppressed as the initial temperature increases. As a result,
in 1D ignition from a hot spot with T;, = 840 K, the ITI pressure wave
is found to be too weak to evolve into a shock wave and thereby a
second detonation wave is not observed. For T;;; = 900 K within the
NTC regime, a cool spot with positive temperature gradient should be
used to induce supersonic reaction front propagation [24]. Moreover,
the ITl is fully suppressed and only LTI and HTI occurs for T;; = 900 K.
Therefore, only one detonation wave is induced (more details are
shown in our previous study [24]).
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5. Conclusions

One-dimensional simulations are conducted to study the au-
toignition and supersonic reaction front propagation initiated by a
hot spot. The stoichiometric n-heptane/air mixture with low initial
temperature and multistage ignition is considered. Results for OD ho-
mogeneous ignition indicate that there are three ignition stages, LTI,
ITI and HTI, which are dominated by low-, intermediate- and high-
temperature chemistries, respectively. At low initial temperature, the
critical temperature gradients corresponding to three ignition stages
are found to be nearly the same, indicating that it is possible for all
these ignition stages to generate strong chemical-acoustic interac-
tions at proper temperature gradient.

The reaction-pressure wave interactions from multistage ignition
are first investigated in planar configuration. In a typical case with
non-dimensional temperature of £ = 4, multiple pressure waves,
shock waves, and detonation waves are observed and they are found
to be generated by heat release from different ignition stages and
reaction-pressure wave interactions. The autoignition of the hot spot
first generates a detonation wave (D1) and two preceding pres-
sure waves (LTI and ITI pressure waves). Then the ITI pressure wave
evolves into a shock wave and the mixture between the shock wave
and detonation wave D1 reacts rapidly, which generates a second det-
onation wave D2 due to the coherent coupling between local heat
release and pressure wave. Finally, local autoignition induced by the
compression of LTI pressure wave occurs in front of detonation wave
D2; and it generates supersonic autoignition waves that cause rapid
ignition of the rest of the mixture. Besides, the temperature gradi-
ent of the hot spot is found to affect the interaction among multi-
stage ignition and pressure waves. Therefore, change in temperature
gradient causes change in the mode of supersonic autoignition front
propagation. With the increase of temperature gradient, the coherent
coupling between HTI and pressure wave is enhanced, which results
in a stronger detonation wave D1 and disappearance of the second
detonation wave D2.

Comparison between the results in spherical and planar con-
figurations indicates that supersonic reaction front propagation is
strongly affected by geometry. Similar to the planar case, detonation
wave D1 and LTI and ITI pressure waves are also observed in spher-
ical configuration. However, the detonation and pressure waves in
spherical configuration are much weaker than those in planar con-
figuration due to the curvature effects. Consequently, in spherical
configuration, the ITI pressure wave is not strong enough to evolve
into a shock wave and thus the second detonation wave D2 does not
appear.
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