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Abstract 

Direct detonation initiation is simulated considering detailed chemistry for H 2 /O 2 /Ar mixture. The objec- 
tive is to examine and interpret the effects of local temperature perturbation on direct detonation initiation. 
Temperature perturbations with different amplitudes are introduced in the region where the blast wave decays 
quickly. For the case without temperature perturbation, the supercritical, critical and subcritical regimes for 
direct detonation initiation are identified by continuously decreasing the initiation energy. The quasi-steady 
period in the critical case is investigated in details. The thermal states of flow particles at different initial lo- 
cations within the quasi-steady region are tracked and analyzed; and the mechanism for the development of 
an over-driven detonation after the quasi-steady period is discussed. When a cold spot with large amplitude 
of temperature perturbation is introduced, the direct detonation initiation is prohibited, which is expected 

since low temperature in a cold spot greatly reduce the chemical reaction rate. However, it is observed unex- 
pectedly that a cold spot with small amplitude of temperature perturbation can promote direct detonation 

initiation. Similarly, a hot spot with small amplitude of temperature perturbation inhibits direct detonation 

initiation; and it promotes direct detonation initiation when its amplitude is large enough. Such unexpected 

observation is caused by the opposite effects of temperature perturbation: local low temperature reduces the 
chemical reaction rate while it also increases the local volumetric energy density. 
© 2016 by The Combustion Institute. Published by Elsevier Inc. 
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1. Introduction 

Understanding direct detonation initiation is
important not only for fundamental combustion
research but also for the development of high-
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performance detonation engines and the control 
of accidental explosion. During direct detonation 

initiation, detonation is instantaneously formed by 
the driven blast wave as a result of a large amount 
of energy deposition in an explosive gaseous 
mixture. According to experiments [1] and simu- 
lations [2] , there are three regimes: supercritical, 
critical and subcritical, depending on whether 
the deposited energy is greater than, equal to, 
or less than a threshold value corresponding to 
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Fig. 1. Schematic of direct detonation initiation in pre- 
mixture with temperature perturbation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

he critical energy E C . In the supercritical regime
ith deposited energy being much larger than
 C , an overdriven detonation develops first and

hen it decays asymptotically approaching to the
elf-sustained Chapman–Jouguet (CJ) detonation.
n the critical regime with deposited energy slightly
bove E C , first the shock wave decays and the re-
ction front decouples from it, until a quasi-steady
eriod during which the shock speed and reaction
ront propagation speed remain nearly constant. At
he end of the quasi-steady period, local pressure
ulse accumulates quickly and gets merged with
he leading shock. Finally a detonation is formed.
n the subcritical regime with the deposited energy
elow E C , the shock speed continuously decreases
nd the reaction front decouples from the shock,
hich leads to detonation initiation failure. 

In the literature, there are many studies on direct
etonation initiation. Different models have been
roposed to predict the critical energy of direct det-
nation initiation (e.g., [3] and references therein).
or simplicity, one-step chemistry model was popu-

arly used to analyze the direct detonation initiation
rocess (e.g., [2, 4–7] ). He and Clavin [2] found that
he curvature effect can cause detonation initiation
ailure. Eckett et al. [6] showed that the unsteadi-
ess effect also plays an important role in direct
etonation initiation. However, as demonstrated by
azaheri [8] , one-step chemistry model cannot be

sed to predict a distinct value for the critical ini-
iation energy below which no detonation occurs.
herefore, it was suggested [5,8] to use multi-step
hemical model to study the critical energy of di-
ect detonation initiation. For example, Ng and
ee [9] used three-step chain-branching chemical
odel to study the critical initiation energy and the

nfluence of detonation instability on direct deto-
ation initiation. Besides, to the authors’ knowl-
dge, only a few studies [10,11] used detailed chem-
stry to investigate the direct detonation initiation
rocess. 

Currently, the underlying mechanism for direct
etonation initiation is still not well understood,
specially for the quasi-steady period in critical
nitiation [5] . Besides, temperature inhomogene-
ty always exists due to various hydrodynamic
uctuations. The influence of temperature pertur-
ation on direct detonation initiation has not been
horoughly examined. Chue et al. [12] studied the
nfluence of periodic longitudinal perturbations
n deflagration detonation transition. Mazaheri
t al. [8] studied the effects of hot spot on direct
etonation initiation using one-step chemistry
nd found that hot spot can promote detonation
nitiation. However, as mentioned before, one-step
hemistry model has limitation in the study of 
irect detonation imitation. Besides, the influence
f amplitude of temperature perturbation has not
een thoroughly investigated previously. 

Based on the above considerations, the ob-
ective of this work is to examine the effects of 
temperature perturbation on direct detonation
initiation. One-dimensional (1D) simulations for
direct detonation initiation in H 2 /O 2 /Ar mixture
are conducted and detailed chemistry is em-
ployed. The details in direct detonation initiation
is revealed. Besides, unlike previous studies, the in-
fluence of cold spot on direct detonation initiation
is examined for the first time. Surprisingly, the cold
spot is shown to be able to promote detonation
initiation under certain conditions. 

2. Numerical model and specifications 

The numerical model is direct initiation of a 1D
cylindrical detonation in H 2 /O 2 /Ar (the molar ra-
tio is 2:1:7) mixture without/with temperature per-
turbation as sketched in Fig. 1 . The initial tempera-
ture and pressure are fixed to be 298 K and 0.2 atm,
respectively. As shown in Fig. 1 , temperature per-
turbation in sinusoidal profile with amplitude of A
and half-wavelength of 1 cm is introduced in the re-
gion of 3 ≤r ≤4 cm. Different amplitudes of temper-
ature perturbation are investigated and both cold
(i.e., A < 0) and hot (i.e., A > 0) spots are considered.
Since the pressure is kept to be constant, the ini-
tial density in 3 ≤r ≤4 cm is different from that in
the unperturbed region and it is determined from
temperature based on equation of state for ideal
gas. 

In order to initiate the detonation, the ideal
strong blast wave model governed by the similar-
ity solution of Taylor [13] and Sedov [14] is used
as the initial condition. The subsequent decay of 
the blast wave with chemical reaction is governed
by Euler equations and simulated numerically. Sim-
ilar approach was used in previous studies (e.g.,
[6,8,9] ). The equivalent energy deposition is E S and
its unit is J/m since the cylindrical geometry is con-
sidered. The computational domain is 0 ≤r ≤80 cm.
Zero flow speed and zero gradients of temperature
and mass fractions are enforced at the center ( r = 0)
and right boundary ( r = 80 cm). 

The 1D direct detonation initiation pro-
cess is simulated using the in-house code
A-SURF [15–17] . The conservation equations
for unsteady, 1D, compressible, multi-component,
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Fig. 2. Leading shock speed, S , as a function of its posi- 
tion, R S , for different initiation energies. The C-J detona- 
tion speed is D CJ = 1647 m/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 case. 
reactive flow in a cylindrical coordinate system are
solved in A-SURF using the finite volume method.
A-SURF has been successfully used in previous
studies on flame propagation, end-gas autoigni-
tion and detonation development (e.g., [18–21] ).
The details on governing equations, numerical
methods and code validations can be found in
Refs. [15–17] and thereby are only provided in
the Supplementary Document. Detailed hydrogen
mechanism with 10 species and 21 elementary
reactions [22] is considered in simulation. In order
to efficiently resolve the reaction front, shock
wave and detonation, dynamically adaptive mesh
refinement strategy is adopted. The levels of re-
finement is 9 and the finest mesh size is 2 μm. The
induction length is around 0.1 mm and it is covered
by more than 30 points. As shown by Fig. S3 in the
Supplementary Document, numerical convergence
has been ensured by further decreasing the time
step and mesh size in simulation. 

3. Results and discussion 

3.1. Cases without temperature perturbation 
(A = 0) 

We first consider direct detonation initiation
in mixture without temperature perturbation (i.e.,
A = 0). The results for different initiation energies
covering three regimes (supercritical, critical and
subcritical) are shown in Figs. 2–4 . Figure 2 shows
the change of leading shock speed with its posi-
tion for different values of E S . For reference, the
CJ detonation speed of D CJ = 1647 m/s is shown
as the horizontal dashed line. During direct deto-
nation initiation, a strong blast wave is formed af-
ter the sudden deposition of initiation energy. For
each initiation energy, the blast wave decays quickly
at the very beginning. Therefore, Fig. 2 shows that
there is a rapid decrease in the leading shock speed 

for R S < 5 cm. Figure 3 plots the temporal evolu- 
tion of normalized pressure distributions for three 
initiation energies. The normalized pressure of von 

Neumann spike in CJ detonation, P VN 

/ P 0 = 27.2, is 
indicated by the horizontal dashed line. 

At sufficient large initiation energy ( E S = 

1800 J/m, see line #1 in Fig. 2 and case a in Fig. 3 ) 
above the critical value, the blast wave decays to- 
ward a self-sustained CJ detonation and this cor- 
responds to the so-called supercritical case [1,2,9] . 
Line #1 in Fig. 2 indicates that the shock speed 

first decreases and then it increases approaching 
to the CJ detonation speed. Unlike the planar ge- 
ometry [9] , in the cylindrical geometry considered 

here the shock always first decays to some value 
below CJ speed even for very large value of E S = 

4000 J/m. The maximum pressure is also always be- 
low the pressure of von Neumann spike ( P < P VN 

, 
see lines #1–4 in Fig. 3 a). This is due to the cur- 
vature effect as explained in [2,9] . For the super- 
critical case, rapid autoignition takes place behind 

the strong blast wave; and the reaction zone is 
intimately coupled and moves together with the 
leading shock wave. Figure 3 (a) shows that the 
pressure decrease due to chemical heat release oc- 
curs just behind the shock wave-induced abrupt 
pressure rise. Similarly, the temperature profiles 
(not shown here due to space limit) also demon- 
strates that the reaction zone is closely coupled 

with the leading shock wave for the supercritical 
case. 

When the initiation energy is below the critical 
energy ( E S = 490 J/m < E C , line #6 in Fig. 2 and case 
c in Fig. 3 ), the shock speed and peak pressure 
continuously decreases during its propagation. 
This corresponds to the subcritical case, in which 

the reaction zone fails to couple with the leading 
shock and the blast wave continues to decay to 

the sonic speed (line #6 in Fig. 2 ). The decoupling 
between the reaction zone and shock wave can 

be demonstrated by the temperature and pressure 
profiles. Lines #2 and #3 in Fig. 3 (c) show that 
behind the abrupt pressure rise due to shock com- 
pression, there is a short plateau where the pressure 
remains nearly constant. After the plateau, heat re- 
lease due to chemical reaction occurs and pressure 
decreases (similar plateau separating the shock 

wave and heat release zone is also observed in the 
temperature profiles). To further demonstrate the 
decoupling between the reaction zone and shock 

wave, we plot the trajectories of the shock wave 
and reaction front in Fig. 4 . It is seen that for 
the subcritical case with E S = 490 J/m, the reac- 
tion front trajectory, OAB, always falls behind 

the shock wave trajectory OCD. Moreover, the 
distance between these two trajectories, OAB and 

OCD, increases with time. Therefore, the reaction 

front cannot couple with the shock wave and even- 
tually detonation initiation fails in the subcritical 
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Fig. 3. Temporal evolution of normalized pressure distributions at three different initiation energies corresponding to (a) 
supercritical, (b) critical and (c) subcritical cases. 

Fig. 4. Shock wave and reaction front trajectories for two initiation energies of 520 J/m (critical case) and 490 J/m (sub- 
critical case). 
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When the initiation energy is slightly higher
han the critical value (e.g., E S = 520 J/m > E C , line
5 in Fig. 2 and case b in Fig. 3 ), the so-called
ritical regime is reached. The shock speed first de-
reases to a value around half D CJ (line #5 in Fig. 2 )
nd the reaction front starts to decouple with the
eading shock (line #2 in Fig. 3 b and point O in
ig. 4 ). Then the distance between these two fronts

ncreases (lines #2 to #3 in Fig. 3 b and points O
to A in Fig. 4 ). After that, there is a period during
which this distance keeps nearly constant and the
leading shock and the reaction front propagate as
a complex at nearly constant speed. It is referred to
as the “quasi-steady” period [1,2,9] . At the end of 
the quasi-steady period, first a pressure pulse be-
gins to develop near the reaction zone (line #4 in
Fig. 3 b). Then, the strength of the pressure pulse
increases (lines #4 to #5 in Fig. 3 b) and so does the
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Fig. 5. The pressure versus specific volume, P –v , dia- 
grams (solid lines) and pressure versus time (dashed lines) 
for particles at different initial position, r 0 . The initiation 
energy is E S = 520 J/m (critical case). 
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Fig. 6. Leading shock speed, S , as a function of its po- 
sition, R S , for different amplitude of temperature pertur- 
bations ( A < 0, cold spot). The initiation energy is fixed to 
be E S = 490 J/m, which corresponds to the subcritical case 
for A = 0. 
shock pressure. Finally, the shock wave accelerates
abruptly and an overdriven detonation is developed
(line #6 in Fig. 3 b), which eventually decays to a
self-sustained detonation (lines #7 to #8 in Fig. 3 b).
The onset of the overdriven detonation is caused
by the pressure pulse generation and amplification
near the reaction front [9] . The amplification of 
pressure pulse and the development of detonation
is due to the coherent coupling between pressure
pulse and chemical heat release, which can be ex-
plained by the SWACER mechanism [23,24] and
shock-induced ignition [25,26] . 

To further reveal the chemical-gas dynamic in-
teraction and combustion modes during the quasi-
steady period, the thermal states of flow particles
at different initial locations are tracked [27] : first,
the position of a particle is updated by its cur-
rent flow speed multiplying the time step size of 
10 −10 s; then, the thermal states of this particle are
obtained from linear extrapolation of correspond-
ing states at its two neighboring grids. We track the
particles initially located at r 0 = 9–17 cm, covering
the regions of quasi-steady period and the merg-
ing of the reaction front and the shock. Figure 5
shows the normalized pressure as a function of spe-
cific volume (solid lines). The associated times cor-
responding to pressure evolution are depicted by
the dashed lines in Fig. 5 . First, due to the pass-
ing of the leading shock, there is an adiabatic com-
pression along the Hugoniot curve (OA or OC in
Fig. 5 ) from the initial state at ( P / P 0 = 1, v / v 0 = 1).
For particle #1 initially at r 0 = 9 cm, the post-shock
pressure (point A in Fig. 5 ) is relatively low and
this particle experiences nearly constant-pressure
combustion along AB. For particle #2, the post-
shock pressure becomes higher; and it undergoes
three stages: first, nearly constant-pressure com-
bustion along CD; then, compression along DE;
and finally, combustion and expansion along EF.
For particle #3, the first stage of nearly constant- 
pressure combustion becomes much shorter than 

that of particle #2 and the compression stage be- 
comes much stronger. Eventually for particles #4 
and #5, these first two stages merge and a detona- 
tion develops. For particle #5, the pressure post- 
shock is much higher than P VN 

, indicating the for- 
mation of an overdriven detonation. 

In summary, three regimes for direct detonation 

initiation in H 2 /O 2 /Ar mixture, supercritical, criti- 
cal and subcritical, are identified by decreasing the 
initiation energy. In the following subsection, the 
temperature perturbation is introduced and its in- 
fluence on direct detonation initiation in the sub- 
critical and critical regimes is examined. 

3.2. Cases with temperature perturbation (A � = 0) 

In this study, both hot spot ( A > 0) and cold 

spot ( A < 0) are considered. As shown in Fig. 1 , 
temperature perturbation is introduced in the 
region of 3 ≤r ≤4 cm. In this region, the rapid 

decay of the blast wave occurs (see Fig. 2 ). This 
is different from the previous study of Mazaheri 
[8] which considered hot spot in the region where 
quasi-steady propagation of shock-reaction front 
complex occurs. 

Figure 6 demonstrates the influence of cold 

spot ( A < 0) on the leading shock speed. The ini- 
tiation energy is fixed to be E S = 490 J/m, which 

corresponds to the subcritical case at A = 0 (line 
#6 in Fig. 2 ). When the amplitude of temperature 
perturbation is A = −5 K, the shock speed is shown 

to be always larger than that for the unperturbed 

case of A = 0, indicating that detonation initiation 

is enhanced even though detonation initiation 

still fails. When the amplitude of temperature 
perturbation is A = −8 K, successful detonation 
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nitiation is observed. The ran-up distance is shown
o decrease as the amplitude of temperature per-
urbation is changed from A = −8 K to A = −15 K,
ndicating detonation initiation becomes easier at
igher strength of the cold spot. 

The temporal evolution of normalized pressure
istributions for A = −15 K is shown in Fig. 7 (a).
t is seen that there is quasi-steady period during
hich the leading shock and reaction front prop-
gates at nearly constant speed (lines #2 to #3
n Fig. 7 a) and the quasi-steady period terminates
ith the abrupt formation of an over-driven deto-
ation (lines #4 to #6 in Fig. 7 a). This is similar
o the results in Fig. 3 (b) for the critical case with
 S = 520 J/m and A = 0. With further increase of the
old spot strength to A = −20 K, Fig. 6 shows that
etonation initiation failure happens again. The
hock speed is shown to become smaller at larger
alue of | A | when A < −20 K. Figure 7 (b) shows the
emporal evolution of normalized pressure distri-
utions for A = −30 K. The peak pressure is shown
o continuously decrease, similar to the subcritical
ase of E S = 490 J/m and A = 0 shown in Fig. 3 (c). 

Therefore, a cold spot with small amplitude of 
emperature perturbation promotes detonation ini-
iation; and it inhibits detonation initiation when
ts amplitude is large enough. For the same ini-
iation energy of E S = 490 J/m, we also consider
he influence of a hot spot ( A > 0) and the results
re shown in Fig. 8 . When the amplitude of tem-
erature perturbation increases from 0 K to 20 K,
he shock decays faster and detonation initiation
ails. However, successful detonation initiation is
bserved for A = 25 K. With further increase of A
rom 25 K to 50 K, the ran-up distance becomes
horter and thereby detonation initiation becomes
asier. Therefore, compared to the cold spot, the
ot spot has the opposite influence on direct det-
nation initiation: a hot spot with small ampli-
 

tude of temperature perturbation inhibits detona-
tion initiation; and it promotes detonation initia-
tion when its amplitude is large enough. Such trend
was not observed in the previous study [8] which
also investigated the influence of hot spot on direct
detonation initiation. 

Figure 9 summarizes the influence of differ-
ent temperature perturbation (including both hot
and cold spots) on the direct detonation imitation
at the fixed value of E S = 490 J/m. In Fig. 9 we
plot the shock speed at R S = 15 cm, which is some-
what arbitrarily chosen to characterize the initia-
tion process. The shock speed is shown to change
non-monotonically with the amplitude of temper-
ature perturbation. The horizontal dashed line de-
notes the speed of S = 790 m/s and it separates suc-
cessful (closed symbols) and failed (open symbols)
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Fig. 11. Chang of the induction length, L , and its rel- 
ative derivative with respect to pre-shock temperature, 
( dL / dt )/ L , with the shock speed. 
detonation initiations. It is seen that for fixed value
of E S = 490 J/m, successful detonation initiation is
always achieved for a hot spot with A > 25 K and it
is also achieved for a cold spot with −16 ≤A ≤−8 K.
Consistent with results shown in Figs. 6 and 8,
Fig. 9 shows that at small amplitude of temper-
ature perturbation, direct denotation initiation is
promoted/inhibited by a cold/hot spot. This ob-
servation is unexpected and not reported in pre-
vious studies. When the amplitude of temperature
perturbation is large (i.e., A < −16 K or A > 25 K),
as expected, direct denotation initiation is inhib-
ited/promoted by a cold/hot spot. 

The above results are obtained for the subcriti-
cal case of E S = 490 J/m. Similar observation is also
made for the critical case of E S = 520 J/m, for which
Fig. 10 shows the influence of a cold spot on the
direction detonation initiation. It is observed that a
cold spot with small amplitude of temperature per-
turbation, −15 ≤A < 0 K, slightly promotes detona-
tion initiation and that it inhibits detonation ini- 
tiation for A ≤−20 K. The trend is similar to that 
shown in Fig. 6 for E S = 490 J/m. 

To explain the unexpected observation men- 
tioned above, here we discuss how local low tem- 
perature in a cold spot affects detonation initia- 
tion. When the shock passes through a cold spot, 
the influence of the cold spot is twofold: it has 
both negative and positive effects. The negative ef- 
fect is that shock speed decreases and so does the 
post-shock temperature, resulting in lower chemi- 
cal reaction rate and longer induction length post 
shock; and thus detonation initiation is inhibited. 
The positive effect is that a cold spot corresponds to 

larger local energy density (higher density at lower 
temperature since the pressure is kept constant, as 
mentioned in Section 2 ) and thereby more heat re- 
lease, which is like adding additional initiation en- 
ergy and thereby promotes detonation initiation. 
It is noted that for the case of the cold spot of 
A = −10 K, the increase in the energy contained in 

the region of 3 ≤r ≤4 cm is within 2% compared to 

the case without a cold spot. Such small increase 
can promote direction detonation initiation since 
the initiation energy (490 J/m in Fig. 6 ) is close to 

the critical value. 
At small amplitude of temperature perturba- 

tion (i.e., small value of | A |), the positive effect 
dominates and a cold spot enhances detonation 

initiation; and the opposite trend occurs at large 
amplitude of temperature perturbation. Figure 11 
shows the induction length, L , as a function of 
shock speed. The results are based on the ZND the- 
ory and obtained by using the Shock and Detona- 
tion Toolbox [28] . We choose the shock speed at 
R S = 3.5 cm (the center of the region with tempera- 
ture perturbation) as the characteristic speed when 

the shock passes through the cold/hot spot. From 

Fig. 6 , the characteristic shock speeds for A = 0, 
A = −10 K and A = −50 K are 1250 m/s, 1241 m/s 
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nd 1140 m/s, respectively. According to Fig. 11 , at
hese given shock speeds, the corresponding induc-
ion lengths are respectively 5.6 mm, 6.1 mm and
9.4 mm. Therefore, the induction length increases
ramatically as the amplitude of the cold spot

ncreases from −10 K to −50 K. For A = −10 K,
he increase in induction length is 0.5 mm; which
or A = −50 K, the increase in induction length
s 13.8 mm. This indicates that the intensity of 
he negative effect increases dramatically with | A |.
ince the positive effect changes linearly with | A |,
he positive effect dominates at small value of | A |
hile the negative effect dominates at large value
f | A |. This helps to explain the unexpected influ-
nce of a cold spot on direct detonation imitation.
igure 11 also shows the sensitivity of induction

ength to pre-shock temperature, ( dL/dT )/ L . When
hock speed decreases from 1250 m/s to 1050 m/s,
 dL/dT )/ L increases by more than three orders of 
agnitude. This fact indicates that the negative ef-

ect of cold spot increases dramatically as the shock
peed decreases. Consequently, the same cold spots
ocated in the quasi-steady region (which has rela-
ively low shock speed) cannot enhance detonation
nitiation. This is demonstrated by simulation re-
ults not shown due to space limit. 

It is noted that a cold spot results in the increase
f the local density and thereby also increases the

ocal acoustic impedance. Consequently, the shock
ave propagation and detonation development are
ossibly affected by the local change in acoustic

mpedance, which were studied by Li et al. [29, 30] .
ccording to our simulation, at the moment that

he shock passes through the cold spot, the shock
peed only slightly changes since the temperature
erturbation caused by the cold spot is small. 

. Conclusions 

Direct initiation of 1D cylindrical detonation
n H 2 /O 2 /Ar mixture is simulated with detailed
hemistry. The emphasis is placed on examining
nd interpreting the influence of temperature
erturbation on direct detonation initiation.
irst, cases without temperature perturbation
re studied. Three regimes, supercritical, critical
nd subcritical, for direct detonation initiation
re identified by decreasing the initiation energy.
he quasi-steady period in the critical case is

nvestigated in details. It is found that the abrupt
ormation of an over-driven detonation after the
uasi-steady the period is due to the coherent
oupling between pressure pulse and chemical heat
elease. Then, the effects of cold and hot spots on
irect detonation initiation are examined. When
he amplitude of temperature perturbation is large
nough, a cold/hot spot inhibits/promotes direct
enotation initiation. This is expected and similar
bservation was made in previous studies on hot
pot. However, it is observed for the first time that
at small amplitude of temperature perturbation,
direct denotation initiation is promoted/inhibited
by a cold/hot spot. Such unexpected trend is
caused by the opposite effects of temperature
perturbation: local low temperature reduces the
chemical reaction rate while it also increases the
local volumetric energy density. At large amplitude
of temperature perturbation, the reduction in
reaction rate dominates and thereby a cold spot
inhibits detonation initiation; while at small am-
plitude of temperature perturbation, the increase
in local volumetric energy density dominates and
thus a cold spot promotes detonation initiation. 

It is noted that a single cold /hot spot at fixed
position is considered in the present study. Our pre-
liminary simulation results indicate that when a dif-
ferent profile of cold/hot spot is used, similar re-
sults can be obtained. Besides, the direct detonation
initiation depends on the location and number of 
cold/hot spot. This deserves further study. In realis-
tic flow, the temperature perturbation is much more
complicated than the simple 1D case considered in
this study. Temperature fluctuations with stochas-
tic distributions are present in realistic flow, which
may affect the direction detonation initiation. As
suggested by one of the reviewers, this is another
topic that deserves further study. 
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