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Detonation development inside spark ignition engines can result in the so called super-
knock with extremely high pressure oscillation above 200 atm. In this study, numerical
simulations of autoignitive reaction front propagation in hydrogen/air mixtures are con-
ducted and the detonation development regime is investigated. A hot spot with linear
temperature distribution is used to induce autoignitive reaction front propagation. With
the change of temperature gradient or hot spot size, three typical autoignition reaction
front modes are identified: supersonic reaction front; detonation development and sub-
sonic reaction front. The effects of initial pressure, initial temperature, fuel type and
equivalence ratio on detonation development regime are examined. It is found that the
detonation development regime strongly depends on mixture composition (fuel and
equivalence ratio) and thermal conditions (initial pressure and temperature). There-
fore, to achieve the quantitative prediction of super-knock in engines, we need use the
detonation development regime for specific fuel at specific initial temperature, initial
pressure, and equivalence ratio.

Keywords: detonation development; autoignitive reaction front; hydrogen/air; tem-
perature gradient

1. Introduction

Engine knock is one of the main constrains for the development of high-efficiency spark
ignition engines (SIEs). It is generally accepted that knock in SIEs is related to end-gas
autoignition [1,2]. End-gas autoignition can generate pressure oscillation around 20 atm
which is referred to as the normal knock. Recently, the so called super-knock with
extremely high pressure oscillation above 200 atm has been observed in highly boosted
SIEs and rapid compression machines [3–9]. Such high pressure in super-knock was
attributed to detonation development [4,6–8].

According to the SWACER (shock-wave amplification by coherent energy release)
mechanism [10] and reactivity gradient theory [11], detonation development can be
induced by a hot spot. In a combustible mixture at high temperature and pressure, a hot
spot can generate autoignitive reaction front propagation. When the reaction front prop-
agation speed is close to the local sound speed, the coherent coupling between chemical
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reaction and pressure wave occurs and it might result in a developing detonation [11,12].
In the literature, there are many studies on detonation development from a hot spot (e.g.
Refs. [13–20]). However, the critical conditions for this kind of detonation development
were not quantified in these studies.

For the first time, Bradley and coworkers [12,21] proposed a detonation peninsula which
quantifies the detonation development regime based on the following two non-dimensional
parameters:

ξ = dT0

dr

/(
dT0

dr

)
c

, ε = r0/a

τe
, (1)

where dT0/dr and r0 are respectively the temperature gradient and radius of the hot spot
with a linear temperature distribution; (dT0/dr)c is the critical temperature gradient at
which the reaction front propagation speed, ua, is equal to the local sound speed, a; and τ e

is the excitation time defined as the time interval between 5% and maximum heat release
rate [12]. The critical temperature gradient is defined as [12,21]:

(
dT0

dr

)
c

=
(

a
dτi

dT0

)−1

. (2)

According to Zeldovich’s theory [11], the propagation speed of the hot spot-induced
autoignitive front is inversely proportional to the gradient of the ignition delay time:

ua =
(

dτi

dr

)−1

=
(

dτi

dT0
· dT0

dr

)−1

. (3)

Substituting Equation (2) into Equation (3) indicates that ua = a at the critical temperature
gradient. It can be shown that the first non-dimensional parameter, ξ , in Equation (1) is
equal to the ratio between the local sound speed and the reaction front propagation speed,
i.e. ξ = a/ua [12]. The second parameter, ε, represents the ratio between acoustic time
and heat release time. As schematically shown in the plot of ξ versus ε in Figure 1, there
are five modes for the autoignitive reaction front propagation. These modes are classified
according to the comparison among the reaction front propagation speed, ua, the sound
speed, a, and the laminar flame speed, Su [11,12], as described in Figure 1.

Regime III in the plot of ξ–ε was adopted by Bradley and Kalghatgi [22,23] and Rudloff
et al. [24] to quantify the critical conditions for detonation development and engine knock.
Three-dimensional LES (Large Eddy Simulation) performed by Robert et al. [25] showed
that the detonation development regime proposed by Bradley and coworkers [12,21] can
be used to quantify the super-knock phenomenon in SIEs. However, Bradley’s detonation
regime/peninsula was originally determined based on simulations for syngas/air mixtures
[12,21]. Though Bates et al. [26] showed that Bradley’s detonation peninsula also works
for iso-octane, recent studies [27–31] indicated that the detonation development regime in
terms of ξ and ε might depend on thermal conditions (initial temperature and pressure)
and mixture composition (fuel, equivalence ratio, dilutions). Though the parameters ξ and
ε depend upon the state of the mixture, the effect of the state of the mixture on detona-
tion development cannot be captured in the ξ–ε diagram. Moreover, besides the ignition
delay time, excitation time, and critical temperature gradient, the volumetric energy den-
sity (which affects detonation development and is not included in the parameters ξ and
ε) also depends on thermal conditions and mixture composition. Therefore, the relevant



Combustion Theory and Modelling 247

Figure 1. Schematics of different regimes of autoignitive reaction front propagation induced by
a hot spot (adapted from [22]). Five modes, I–V, and the comparison among different speeds are
shown.

parametric domain for detonation development is expected to be broader than that can be
described in the ξ–ε plane.

Therefore, further study is needed to understand how thermal conditions and mix-
ture composition affect the detonation development regime. This motivates the present
study. The objectives of this study are to obtain the detonation development regimes for
some fuel other than syngas and to examine the effects of initial pressure, initial tem-
perature and equivalence ratio on detonation development regime. Since hydrogen is the
simplest fuel with well-established and smallest chemical mechanism, it is considered in
this work.

2. Numerical model and methods

We consider the autoignitive reaction front propagation induced by a hot spot in hydro-
gen/air mixtures. Spherical symmetry is assumed and the model is one-dimensional in a
spherical coordinate. The hot spot is located at the centre and it is represented by the initial
linear temperature distribution:

T(t = 0, r) =
{

T0 + (r − r0)
dT0
dr for 0 ≤ r ≤ r0

T0 for r0 ≤ r ≤ RW
(4)

where t and r are respectively the temporal and spatial coordinates. The spherical chamber
radius is fixed to be RW = 5 cm. The hot spot size, r0, the temperature gradient, dT0/dr, and
the initial temperature of the mixture outside of the hot spot, T0, are to be specified. The
computational domain is initially filled with a static hydrogen/air mixture with uniformly
distributed pressure and equivalence ratio. It is noted that though only temperature gradi-
ent is considered here, the concentration gradient may also result in different autoignition
modes including detonation development [32–34].

The transient autoignitive reaction front propagation from a hot spot is simulated
using A-SURF (Adaptive Simulation of Unsteady Reactive Flow) [35–37]. Finite volume
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method is used to solve the species, momentum and energy conservation equations for 1-D,
adiabatic, multi-component, compressible, reactive flow in a spherical coordinate:

∂U

∂t
+ ∂F(U)

∂r
+ 2

G(U)

r
= Fv(U) + SR, (5)

where t is the temporal coordinate. The vectors U, F(U), G(U), Fv(U), and SR are defined
as:

U =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

ρY1

ρY2
...

ρYn

ρu
E

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, F(U) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

ρuY1

ρuY2
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ρu2 + P
(E + P)u

⎞
⎟⎟⎟⎟⎟⎟⎟⎠
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ρuY2
...
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⎞
⎟⎟⎟⎟⎟⎟⎟⎠

,

Fv(U) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

−r−2(r2ρY1V ′
1)r

−r−2(r2ρY2V ′
2)r
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−r−2(r2ρYnV ′

n)r

r−2(r2τ1)r − 2τ2/r
r−2qr + �

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, SR =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

ω1

ω2
...

ωn

0
0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(6)

where ρ, u and E are the density, radial flow velocity and total energy per unit mass,
respectively. The subscript r in Fv(U) stands for the partial derivative with respect to r.
Yk , ωk and V ′

k are the mass fraction, production rate and diffusion velocity of species k,
respectively. The production rate ωk is specified via the collection of elementary reactions
and it is calculated using the CHEMKIN package [38]. The mixture-averaged method is
employed to calculate species diffusion velocity. Instead of solving the continuity equation,
the species conservation equations for all n species are solved in A-SURF. The continuity
equation is recovered from the summation of all species conservation equations.

In the momentum equation, P is the pressure and the viscous stresses, τ 1 and τ 2, are
respectively:

τ1 = 2μ
∂u

∂r
− 2

3
μ

1

r2

∂(r2u)

∂r
, τ2 = 2μ

u

r
− 2

3
μ

1

r2

∂(r2u)

∂r
, (7)

where µ is the dynamic viscosity of the mixture.
In the energy conservation equation, the total energy, E, is defined through

E = −P + ρu2/2 + ρh, h =
n∑

k=1

(Ykhk), hk = hk,0 +
∫ T

T0

CP,k(T)dT , (8)

where T is the temperature, hk , the enthalpy of species k, hk,0 the species enthalpy of
formation at the reference temperature T0, and CP,k the specific heat of species k at constant
pressure. The heat flux is

q = r2

[
λ

∂T

∂r
− ρ

n∑
k=1

(hkYkV ′
k)

]
, (9)

where λ is the thermal conductivity of the mixture.
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In addition, the viscous dissipation rate is

� = μ

{
2

(
∂u

∂r

)2

+ 4
(u

r

)2
− 2

3

[
1

r2

∂(r2u)

∂r

]2
}

+ u

[
1

r2

∂(r2τ1)

∂r
− 2

τ2

r

]
. (10)

The pressure can be obtained from the density, temperature and mean molecular weight
using the equation of state for an ideal gas:

P = ρRT/M̄ , (11)

where R = 8.314 J/(mol K) is the universal gas constant.
The thermodynamic and transport properties in Equations (5)–(11) are evaluated using

the CHEMKIN and TRANSPORT packages [38] interfaced with A-SURF.
In A-SURF, the finite volume method is used to discretise the governing Equation (5).

The second-order accurate, Strang splitting fractional-step procedure is utilised to sep-
arate the time evolution of the stiff reaction term SR from that of the convection and
diffusion terms. In the first fractional step, the non-reactive flow is solved and the Runge–
Kutta, MUSCL-Hancock, and central difference schemes, all of second-order accuracy,
are employed for the calculation of the temporal integration, convective flux, and diffu-
sive flux, respectively. In the second fractional step, the chemistry term is solved using the
VODE solver [39]. To efficiently resolve the autoignition and reaction front propagation
processes, a multi-level adaptive mesh refinement algorithm is used in A-SURF. The prop-
agating reaction zone, pressure/shock wave and detonation wave are always covered by
the finest mesh with the width of 2 µm. The time step used for explicit integration is 0.4 ns.
Grid convergence is achieved as demonstrated in [27,37,40]. A-SURF has been used in
previous studies on ignition, premixed flame propagation and detonation initiation (e.g.
[41–49]).

According to the autoignition model used in this study, adiabatic, non-penetrative,
reflective boundary conditions are adopted for both boundaries at r = 0 and r = RW :

u = 0,
∂T

∂r
= ∂Yk

∂r
= ∂P

∂r
= 0. (12)

According to Equation (12), the linear temperature distribution in Equation (4) in fact
starts at r = rc (half width of the mesh) rather than r = 0. Since the region around r = 0
is always covered by the finest mesh with the width of 2 µm, we have rc = 1 µm which is
negligible compared to the hot spot size r0.

Libermann and coworkers [50–52] found that compared to the detailed chemical mech-
anism, simplified one-step or two-step chemical models cannot quantitatively reproduce
the autoignitive front propagation from a hot spot. Therefore, the detailed mechanism for
hydrogen oxidation should be used. In the literature, there are several detailed mechanisms
developed for hydrogen/air mixtures, including those by Li et al. [53], Burke et al. [54],
Keromnes et al. [55] and Alekseev et al. [56]. These four mechanisms are used to calculate
the ignition delay time, excitation time and critical temperature gradient for hydrogen/air
mixtures at different initial temperatures, pressures and equivalence ratios. The constant-
volume homogeneous ignition process is simulated, from which the ignition delay time
and excitation time are obtained. The critical temperature gradient is obtained accord-
ing to its definition in Equation (2). Figure 2 shows that these four detailed mechanisms
predict nearly the same results for stoichiometric hydrogen/air mixtures at P0 = 40 atm.
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Figure 2. Change of the ignition delay time, τ i, the excitation time, τ e, and the critical tempera-
ture gradient – (dT /dr)c, with the initial temperature, T0, for stoichiometric hydrogen/air mixture at
φ = 1.0 and P0 = 40 atm. The results predicted by four mechanisms [53–56] are plotted together
for comparison.

Results for other values of equivalence ratio and initial pressure are also obtained; and
very good agreement is also achieved for results predicted by these four mechanisms.
Therefore, in the following here we only use the mechanism developed by Keromnes
et al. [55]. Similar results are expected if other detailed hydrogen mechanisms are
used.

3. Results and discussion

3.1. Autoignition in homogeneous hydrogen/air mixtures

The ignition delay time, τ i, and excitation time, τ e, are the two most important parame-
ters to characterise the autoignition and heat release duration in a homogeneous mixture.
They are obtained from simulation of the constant-volume homogeneous ignition process.
Figure 3 shows the change of τ i and τ e with the initial temperature for hydrogen/air mix-
tures at different pressures and equivalence ratios. Besides, Figure 3 also shows the critical
temperature gradient (dT /dr)c.

Both the ignition delay time and critical temperature gradient are shown to be strongly
affected by the initial temperature. Though the influence of the initial pressure and
equivalence ratio is relatively weaker compared to the initial temperature, quantitative
effects of the initial pressure and equivalence ratio on τ i, τ e and (dT /dr)c are still
observed. For example, the excitation time is shown to be shorter at higher initial pres-
sure and for stoichiometric composition. With the increase of initial pressures, the ignition
delay is shown to be shorter (longer) for T0 < 1200 K (T0 > 1200 K). This is due
to the fact that the reaction rates of the branching reactions, H + O2 = O + OH and
H2O2 + M = OH + OH + M, and the termination reaction, H + O2 + M = HO2 + M,
strongly depend on the pressure [57]. Besides, the volumetric energy density (which deter-
mines the strength of the pressure pulse induced by local autoignition) strongly depends
on the initial pressure, initial temperature and equivalence ratio [27,30,58]. Therefore, it is
expected that the detonation development regime is affected by the initial pressure, initial
temperature and equivalence ratio. This will be discussed in Sub-section 3.3.
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Figure 3. Change of the ignition delay time, τ i, the excitation time, τ e, and the critical temperature
gradient – (dT /dr)c, with the initial temperature, T0, for hydrogen/air mixtures at: (a) different pres-
sures of P0 = 20 atm (solid lines) and P0 = 40 atm (dashed lines); (b) different equivalence ratios
of φ = 0.5 (solid lines) and φ = 1.0 (dashed lines).

3.2. Typical modes of autoignitive reaction front propagation

We first consider the typical modes of autoignitive reaction propagation as shown in
Figure 1. Mode I, thermal explosion, corresponds to the homogenous ignition (either
dT0/dr = 0 or r0 = 0 in Equation (1)) and it is considered in the previous sub-section.
In SIEs, the unburned gas is compressed to relatively high temperature and pressure.
Therefore, Mode V, deflagration, corresponds to premixed flame propagation in a mix-
ture with high initial temperature and pressure. At normal temperature and pressure, the
ignition delay of the unburned mixture is infinitely large and the laminar flame speed is
well-defined by the eigenvalue problem. However, at high temperature and pressure as in
SIEs, the ignition delay of unburned mixture might be the same order of the character-
istic flame time (e.g. the ratio between flame thickness and flame speed). Consequently,
strong interaction or competition between autoignition and flame propagation could occur.
Recently, mode V has received great attention since it is related to premixed flame propaga-
tion in advanced SIEs [59–64] and end-gas autoignition [65–69]. Here we focus on modes
II–IV since they determine the boundaries for the detonation development as shown in
Figure 1
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Table 1. Typical cases of autoignitive reaction front propagation in a stoichiometric H2/air mixture
at T0 = 1000 K and P0 = 40 atm.

Case dT0/dr (K/mm) r0 (mm) ξ ε Mode

1. (a) − 0.025 1.5 1 20.1 II, supersonic reaction front
1. (b) − 0.38 1.5 15 20.1 III, detonation development
1. (c) − 1.07 1.5 42 20.1 IV, subsonic reaction front
1. (d) − 1.06 0.37 42 5.0 III, detonation development
1. (e) − 1.06 0.2 42 2.7 II, supersonic reaction front

Here we first consider the stoichiometric hydrogen/air mixture with T0 = 1000 K
and P0 = 40 atm. In the next sub-section, we will consider different initial pressure of
P0 = 20 atm, initial temperature of T0 = 1200 K, and equivalence ratio of φ = 0.5 so that
their effects on detonation development regime can be examined.

Five typical cases are listed in Table 1. The first three cases, (a)–(c), correspond to
different values of ξ but the same value of ε; while the last three cases, (c)–(e), correspond
to different values of ε but the same value of ξ . From case (a) to case (c), the magnitude of
the temperature gradient increases while the hot spot size is fixed to be r0 = 1.5 mm. From
case (c) to case (e), the hot spot size decreases while the temperature gradient remains
nearly constant. The mode of autoignitive reaction front propagation for each case is listed
in Table 1.

Figure 4 shows the temporal evolution of temperature, pressure and heat release rate
distributions for cases (a)–(e). For case (a) with very small temperature gradient, the dif-
ference in the temperature at the centre and that of the ambient mixture is only 0.04 K.
The whole mixture reaches around 1400 K and 55 atm at t = 2575.61 µs (line #1 in
Figure 4(a)). Then the small temperature difference results in earlier thermal runaway
at the centre (line #2) and an outwardly propagating autoignitive reaction front (lines
#2 to #3). As shown in Figure 5, the reaction front speed for case (a) is always above
3000 m/s, which is larger than the CJ detonation speed and much larger than the sound
speed. Therefore, the chemical reaction cannot couple with the pressure wave and there is
no detonation development, which makes case (a) correspond to supersonic reaction front
propagation (i.e. mode II). Similarly, case (e) with a small hot spot size of r0 = 0.2 mm
also belongs to model II of supersonic reaction front. For both cases (a) and (e), the final
temperature and pressure approaches to the equilibrium values around 3200 K and 110 atm,
respectively.

Figure 4(b) shows that detonation development occurs for case (b). Detonation wave
propagation in the range of 0.2 < Rf < 0.4 cm is clearly observed. The peak pressure is
around 240 atm, which is much higher than the equilibrium pressure. Besides, Figure 5
shows that for case (b), the reaction front propagates at a constant speed very close to
the CJ value of 1991 m/s for 2 < Rf < 4 mm. A similar trend is also observed for case
(d) in Figure 4(d) and Figure 5. Therefore, both cases (b) and (d) correspond to mode
III of detonation development. Such detonation development is caused by the coherent
coupling between chemical reaction and pressure wave [16], and it can be interpreted by
the SWACER mechanism [10] and reactivity gradient theory [11].

A typical case of mode IV, subsonic reaction front, is shown in Figure 4(c). The pres-
sure is nearly uniformly distributed in the whole domain before the thermal explosion
occurs throughout the unburned mixture on the right side (line #4 in Figure 4(c)). Figure 5
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Figure 4. Temporal evolution of temperature, pressure and heat release rate distributions during
the autoignitive reaction front propagation induced by a hot spot for cases a–e listed in Table 1. The
time sequence for case a is 1: 2575.61 µs, 2: 2575.93 µs, 3: 2576.17 µs, 4: 2576.27 µs; that for case
b is 1: 2574.50 µs, 2: 2574.87 µs, 3: 2575.35 µs, 4: 2575.91 µs; that for case c is 1: 2545.81 µs,
2: 2553.78 µs, 3: 2562.20 µs, 4: 2575.77 µs; that for case d is 1: 2575.22 µs, 2: 2575.96 µs, 3:
2576.12 µs, 4: 2576.21 µs; and that for case e is 1: 2574.30 µs, 2: 2576.13 µs, 3: 2576.21 µs, 4:
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shows that for case (c), the reaction front propagates at a speed around 80 m/s until
the abrupt increase due to the thermal explosion. As shown in the previous study [32],
the subsonic reaction front is affected by molecular diffusion (mass diffusion and heat
conduction).

3.3. The detonation development regime

Figure 6 shows the detonation development regime III in the plot of ξ against ε for the sto-
ichiometric hydrogen/oxygen mixture at T0 = 1000 K and P0 = 40 atm. The maximum
pressure is shown. The five cases, (a)–(e), discussed in the previous sub-section are also
marked in Figure 6. It is difficult to accurately determine the boundaries between mode

Figure 6. Maximum pressure and detonation regime in the ξ–ε diagram for stoichiometric H2/air
mixture at T0 = 1000 K and P0 = 40 atm. Three modes of reaction front propagation: II, supersonic
reaction front; III, detonation development; and IV, subsonic reaction front.
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III and II or IV since there is no quantitative criteria to judge whether detonation develop-
ment occurs or not. In this study, detonation development is considered to occur when the
following two quantitative criteria are both satisfied: (1) the maximum pressure is at least
two times of the equilibrium pressure; and (2) the reaction front propagation speed reaches
at least 90% of the C–J detonation speed. A ‘Rhino-Horn’ shaped detonation development
regime, III, is shown in Figure 6. This is different from the traditional detonation develop-
ment regime shown in Figure 1. Specifically, detonation development is usually easier to
happen for larger hot spot size or smaller excitation time (i.e. larger value of ε). However,
Figure 6 shows that with the increase of ε, the detonation development can be suppressed
and the mode changes from III of detonation development (for case d) to IV of subsonic
reaction front (for case c). Such abnormal trend has been observed only for hydrogen while
the traditional detonation development regime (similar to that in Figure 1) is observed for
other fuels. This reason for such abnormal behaviour is still not clear and it deserves further
study.

It is noted that the detonation regime in Figure 6 is greatly different from the detona-
tion peninsular which was determined for syngas/air mixtures by Bradley and coworkers
[12,21]. Figure 7 shows the detonation regimes of different fuels including hydrogen (this
work), syngas [12,21], n-heptane [27], and dimethyl ether (DME) [27]. Significant qual-
itative and quantitative differences are observed among the detonation regimes of these
fuels. Therefore, the detonation development regime strongly depends on fuel. This con-
clusion is consistent with previous studies [27,30,31]. Besides, it is observed that for DME,
the detonation development regime also depends on the temperature. In the following, the
effects of thermal conditions and equivalence ratio on the detonation development regime
are assessed for hydrogen/air mixtures.

Besides the above reference condition with P0 = 40 atm, T0 = 1000 K and φ = 1.0,
we also consider initial pressure of P0 = 20 atm, initial temperature of T0 = 1200 K,
and equivalence ratio of φ = 0.5. The corresponding detonation development regimes

ε

ξ

0 5 10 15 20 25

100

101

102

1. hydrogen, this work
2. syngas, Bradley
3. n-heptane 802 K, Dai

4. DME 802 K, Dai
5. DME 982 K, Dai
6. DME 1035 K, Dai

1 2

2
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Figure 7. The detonation regime in the ξ–ε diagram for different fuel/air mixtures: (1) H2/air (this
work), φ = 1.0, T0 = 1000 K and P0 = 20 atm; (2) H2/CO/air, 50% H2-50% CO–air (Bradley et
al. [12, 21]), φ = 1.0, T0 = 1000 K and P0 = 50 atm; (3) n-heptane/air (Dai et al. [27]), φ = 1.0,
T0 = 802 K and P0 = 40 atm; (4) DME/air (Dai et al. [27]), φ = 1.0, T0 = 802, 982 and 1035 K
and P0 = 40 atm.
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Figure 8. Maximum pressure and detonation regime in the ξ–ε diagram for H2/air mixtures at
(a) φ = 1.0, T0 = 1000 K and P0 = 20 atm; (b) φ = 1.0, T0 = 1200 K and P0 = 40 atm; and (c)
φ = 0.5, T0 = 1000 K, P0 = 40 atm.

are plotted in Figure 8; and the comparison with the reference condition (P0 = 40 atm,
T0 = 1000 K and φ = 1.0) is depicted in Figure 9.

Comparison among these regime maps indicates that the initial temperature, initial pres-
sure, and equivalence ratio all greatly affect the detonation development regime. It is
observed that the detonation development regimes in the ξ–ε plot are similar for initial
pressures of 40 and 20 atm. This indicates that the initial pressure has a relatively weak
influence on the detonation development regime. With the increase of the initial tempera-
ture from 1000 to 1200 K, the energy density of the mixture decreases. Therefore, the upper
bound of detonation development regime moves downwardly and a C-shaped detonation
development regime is observed in Figure 8(b). The comparison in Figure 9(b) indicates
that the detonation regime becomes much narrower at higher initial temperature. When the
equivalence ratio decreases from 1.0 to 0.5, a much wider detonation development regime
is obtained and it is similar to the detonation peninsula proposed by Bradley and coworkers
[12,21] for syngas/air mixtures.

Figures 8 and 9 show that under different initial conditions, different shapes of det-
onation regime can be observed including peninsula, C-shape and Rhino-Horn shape.
Therefore, the initial conditions play an important role in the formation of a detonation
regime, and we cannot use the same detonation development regime map for different ini-
tial conditions and different mixtures. It is noted that the reason for the change in the shape
of the detonation regime with the initial thermal conditions (pressure and temperature) and
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Figure 9. Effects of (a) initial pressure, (b) initial temperature, and (c) equivalence ratio on the
autoignition regimes in the ξ–ε diagram for H2/air mixtures.

mixture composition (fuel and equivalence ratio) is still not clear. This deserves further
study.

4. Conclusions

Autoignitive reaction front propagation and detonation development from a hot spot in
hydrogen/air mixtures are investigated numerically. Detailed chemistry is considered in
simulations. Five modes and their regimes are identified in the plot based on two non-
dimensional parameters, ξ and ε. The coherent coupling between pressure wave and
chemical reaction can induce detonation development. It is found that the detonation
development regime is fuel-dependent and thereby the detonation peninsula of Bradley
and coworkers [12,21] might not work for all fuels. Besides, different shapes of deto-
nation development regime are observed for different values of initial pressure, initial
temperature and equivalence ratio. The initial pressure, initial temperature, and equiv-
alence ratio all can affect the detonation development regime. Therefore, to achieve
the quantitative prediction of engine knock, we need use the detonation development
regime for specific fuel at specific initial pressure, initial temperature, and equivalence
ratio.

It is noted that 1D simulation is conducted here. In practical SIEs, the combustion
and autoignition are three-dimensional with turbulence. The effects of 3D turbulence on
autoignition and detonation development deserve further study.
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