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Introduction Importance of unsteadiness

Formation of expansion waves

SW-obstacle SW diffraction

Expansions can be formed in complex pipelines
Important for shock ignition and industrial safety

Simulations by Prof. H. Hornung
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Introduction Importance of unsteadiness

Re-initiation behind a decaying shock wave (1)

Detonation direct initiation
2-D images 1-D simulations

P1: XXX
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9.2. Blast Initiation (Experimental Observations) 305
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Figure 9.8. Sequence of schlieren photographs of the critical energy regime (Bach et al., 1969).

decaying after reaching some sub-CJ velocity and then continues to propagate at a
relatively constant velocity as a coupled metastable shock–reaction-front complex.
After a certain duration of propagation at this quasi-steady metastable velocity,
local explosion centers are observed to develop in the reaction front. Overdriven
detonation bubbles are formed from the explosion centers, which then grow and
engulf the leading shock surface to form an asymmetrical detonation wave. A time
sequence of schlieren photographs illustrating the critical energy regime is shown in
Fig. 9.8. In the first frame at t = 6.5 µs, the detonation bubble from a local explosion
center can be observed. The detonation bubble grows to engulf the shock–reaction-
front complex in the later frames. Eventually, an asymmetric cellular detonation is
formed.

In Fig. 9.9, a streak schlieren photograph of the critical regime illustrates the for-
mation of the detonation on the right-hand side, whereas on the left-hand side the
shock and the reaction front are observed to decouple from each other after the
quasi-steady regime, as in the subcritical case.

However, the detonation bubble that forms on part of the shock surface will even-
tually engulf the entire leading shock front to form a highly asymmetrical detona-
tion. Thus, in the critical regime, the formation of the detonation appears to be a
local phenomenon. The initial spherical blast only serves to generate the critical
conditions in the vicinity of the reaction front for the onset of detonation to occur.
Once explosions occur locally, the subsequent growth of the detonation bubble is in-
dependent of the initial spherical blast wave flow field. The detonation bubble from

P1: XXX
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316 Direct Initiation of Detonations

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 20 40 60 80 100 120 140 160

Sh
oc

k 
pr

es
su

re
 p

/p ZN
D

Distance

3

2

1

Figure 9.19. Shock pressure as a function of distance for a stable detonation with different initia-
tion energies: Es1 = 350, Es2 = 362, Es3 = 746 (Ng & Lee, 2003).

shock strength decreases until the blast becomes an acoustic wave, as in the case of
a non-reacting blast (curve 1). For an initiation energy in excess of the critical value,
the blast wave is found to decay asymptotically to a CJ detonation wave (curve 3),
and the reaction zone is always coupled to the leading shock front in this case. For
blast energies in a narrow range near the critical value, the blast first decays past
the CJ value with the reaction zone progressively decoupling from the shock front.
However, when the decaying blast reaches some critical value (a shock pressure
of p/pZND ≈ 0.65 for the particular values of the parameters used), the shock ap-
pears to stop decaying but continues to propagate at the critical shock strength. A
quasi-steady metastable regime of propagation is obtained, and at the end of this
quasi-steady regime, the shock is observed to accelerate rapidly to an overdriven
detonation, which subsequently decays asymptotically to a CJ detonation (curve 2).
It is of interest to note that, in the critical energy regime, the blast decays first to
some sub-CJ state and remains at this metastable state for a short duration before
accelerating rapidly to an overdriven detonation. This phenomenon is analogous to
the onset of detonation phase in the transition from deflagration to detonation.

The temperature profiles behind the blast wave for the three regimes of subcrit-
ical, supercritical, and critical energy are illustrated in Figs. 9.20, 9.21, and 9.22, re-
spectively. In the subcritical energy regime shown in Fig. 9.20, we note that the re-
action zone progressively recedes from the leading shock and decouples from it as
the blast decays. In the supercritical case shown in Fig. 9.21, the reaction zone ini-
tially recedes from the leading shock as the blast decays. Then, the reaction zone
stops receding from the shock and remains at some fixed induction distance as
the wave approaches the CJ state. For the critical energy regime shown in Fig. 9.22,
the reaction zone progressively recedes from the shock as it decays past the CJ state
to the metastable state. At the end of the quasi-steady regime, the reaction zone is
seen to accelerate toward the shock again to form an overdriven detonation. Then,

Bach et al., 1969 Ng and Lee, 2003

SW velocity decreases much below DCJ before
re-initiation occurs
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Introduction Importance of unsteadiness

Re-initiation behind a decaying shock wave (2)

Detonation diffraction
2-D simulations Velocity along the axis

136 M. Arienti and J. E. Shepherd

(a) (b)

(c) (d )

(e) ( f )

Figure 16. Numerical schlieren images for the case θCJ = 3.5. (a) 32.13; (b) 35.79; (c) 39.45;
(d) 43.11; (e) 44.94; (f ) 46.77.

Numerical study of detonation diffraction 125
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Figure 4. Detonation velocity at the plane of symmetry, Da , as a function of the distance
measured from the vertex, xa . The labels are values of the reduced activation energy θCJ,
varying from 0 to 4.15.

almost independent of changes in the thermodynamic state. As a consequence, the
diffraction behaviour of detonations modelled with an Arrhenius rate law can vary
widely depending on the magnitude of the activation energy. In the present study,
a range of values has been examined in order to map out the possible types of
diffraction behaviour that can occur with a fixed ratio of reaction zone length to
channel height.

Two types of study were carried out. First, a set of coarse-resolution simulations
was performed for eight values of θCJ between 0 and 4.15. Secondly, a set of high-
resolution simulations was carried out for three selected cases with reduced activation
energies of 1, 3.5 and 4.15. All of these simulations were performed with an initially
planar ZND wave travelling at the CJ speed before diffracting around the corner.
Normal mode stability analysis (Lee & Stewart 1990) indicates that the neutral
stability curve for one-dimensional CJ detonations asymptotes to a constant value
θCJ

∼= 4.74 for sufficiently large Mach numbers (MCJ > 6). Our simulations lie entirely
within the range of one-dimensional hydrodynamic stability, allowing the study of
purely gasdynamic quenching mechanisms in detonation diffraction.

Computations were carried out over a sufficiently long time to determine the
ultimate fate of the detonation wave. The half-width H of the channel in these
simulations was fixed at 36.67 reaction half-lengths.

The coarse-resolution studies were performed with 16 grid points per half-reaction
zone length, N1/2 = 16. This resolution level was convenient since it enabled a complete
simulation (on a 4824 by 3752 grid) to be performed in less than 36 wall-clock hours
on 48 processors (Pentium III, 1GHz with 1 GB of RAM) of the ASAP Linux cluster
in the Centre for Advanced Computing Research (CACR) at Caltech.

4.1. Coarse-resolution studies

The histories of the shock detonation speeds, Da and Dw (shown in figure 2), are plot-
ted as a function of position in figures 4 and 5. In figure 4, the shock speed on the
plane of symmetry remains constant until the first expansion wave reaches the centre
of the channel at about 90 half-reaction lengths from the corner vertex location. The
expansion causes the shock speed to decay in all cases, but the long-time behaviour
is different depending on the values of reduced activation energy.

SW velocity decreases much below DCJ before
re-initiation occurs

Results from Arienti and Shepherd, 2005
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Introduction Importance of unsteadiness

Reaction in expanding flows (1)

Lagrangian particles
Particle path Temperature profile

166 C. A. Eckett, J. J. Quirk and J. E. Shepherd
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Figure 12. Particle paths for ten sample particles in case B, with Ẽsource = 199 ⇥ 106.
Shock (dashed line); 5% to 95% reaction (shaded region); particle paths (solid lines).
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Figure 13. Temperature histories along the same ten particle paths as in figure 12,
for case B with Ẽsource = 199 ⇥ 106.

particle path 7, the magnitude of the unsteadiness is as great as the heat release term,
and it significantly delays the reaction. It completely quenches the reaction by particle
9. As in figure 7, the unsteadiness expression is almost constant in the induction zone,
for the particles prior to failure (particles 3 and 5).
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Figure 13. Temperature histories along the same ten particle paths as in figure 12,
for case B with Ẽsource = 199 ⇥ 106.

particle path 7, the magnitude of the unsteadiness is as great as the heat release term,
and it significantly delays the reaction. It completely quenches the reaction by particle
9. As in figure 7, the unsteadiness expression is almost constant in the induction zone,
for the particles prior to failure (particles 3 and 5).
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As the SW decays, ignition delay-time increases
and the reaction is eventually quenched

Results from Eckett et al., 2000
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Introduction Importance of unsteadiness

Reaction in expanding flows (2)

Ignition dynamics
Particle path Energy equation analysis138 M. Arienti and J. E. Shepherd
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Figure 19. (a) Particle paths for 20 sample particles injected along the vertical corner wall
(figure 9a) for θCJ = 3.5. The labels 1 and 10 indicate the particles that are analysed in terms
of numerical dominant balance. (b) Temperature profiles along particles paths.

readings along these paths are displayed in figures 18(b) and 19(b), respectively. Labels
indicate particles that will be further analysed in this section.

For particles moving along the channel plane of symmetry, the post-shock tem-
perature decreases, reaches a minimum, and then increases again. Likewise, the time
delay between the shock passage and the peak temperature for particle 10 is larger
by about an order of magnitude than the corresponding time for particle 1, indicating
a growth in ignition time. From particles 10 to 21, the ignition time decreases again.
These results indicate that the detonation slows down, but does not fail. Note that
the post-shock slopes of the temperature never become negative for any of the
trajectories shown in figure 18. This important observation, and the fact that DT/Dt
instead passes through zero when θCJ = 4.15, will be used later in the discussion
section.

In particles moving along the corner wall, no ignition occurs until approximately
t = 43. The post-shock temperature steadily decays from particle 1 to particle 7, has
a slight increment from particle 7 to 12, and then decreases again. Overall, the flow
field near the wall can be treated as non-reacting up to the point when ignition is
suddenly re-started by the transverse shock reflection (between figures 16d and 16e).

The decomposition of the terms in the reaction zone temperature according to
(2.13) is shown in figure 20 for particles 1, 10, 16 and 21 along the plane of symmetry
of the channel. Results for particles initially located just downstream of the head
disturbance arrival point are very similar for the cases θCJ = 3.5 and θCJ = 4.15 (see
figure 20a and figure 14a). This is expected since the activation energies in these two
cases differ by a relatively small amount. The behaviour of the particles that follow is,
however, radically different. Whereas particles 10 and 16 have much longer ignition
times, of the order of 5–10 units of time, particles that are located further downstream
again display an ignition time close to one. This reinforces the observation that for
the case θCJ = 3.5, the detonation re-couples near the channel centre, whereas for the
case θCJ = 4.15, the detonation completely decouples.

If we now examine one by one the terms appearing on the right-hand side of (2.13),
we notice that the unsteady term appears almost everywhere in the form of a negative
forcing factor, as for the case θCJ = 4.15. Overall, curvature and transverse divergence
effects play a relatively unimportant role in determining the Lagrangian derivative of

Numerical study of detonation diffraction 139
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Figure 20. Terms in the reaction zone temperature (2.13) along the same particle paths as in
figure 18(a) for the case θCJ = 3.5. The particles are injected along the plane of symmetry. . . .,
Lagrangian temperature; – . –, heat release; – – –, curvature; — —, transverse divergence; – .. –,
unsteadiness. The solid line is the difference between the left-hand side and the right-hand side
in (2.13), as computed from the terms above. (a) Particle 1; (b) Particle 10; (c) Particle 16;
(d) Particle 21.

temperature. Exceptions to this are the paths 10 and 16 (figure 20b, c), where a strong
peak in the curvature term can be observed at time t ∼= 40. At this point, however,
the flow has already reacted, and DT/Dt is almost zero.

The analysis of fluid elements along the corner wall (not shown here) leads to
results that are very similar to those observed for the case θCJ =4.15, with delayed
or no ignition occurring and temperature decrease dictated by the unsteady term.
Temperature variations are much smaller than those observed in particles moving
along the plane of symmetry until the arrival of the re-ignition transverse wave at
approximately t = 43. Further analysis after this point is not possible owing to the
presence of strong shock waves processing the unreacted fluid.

5. Discussion
In the previous section, the magnitude of the terms in the reaction zone structure

equation was examined along selected particle paths for sub-, near- and super-critical

Chemical energy release vs unsteadiness
Results from Arienti and Shepherd, 2005
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Introduction Importance of unsteadiness

Previous work on reacting expanding flows

Lundstrom and Oppenheim, Eckett et al., Arienti
and Shepherd, Radulescu and Maxwell

DT̃

Dt̃
= !"e1/!e−1/!T̃ − n!# − 1"

T̃

t̃ + nDa

,

D"

Dt̃
= −

!"

q
e1/!e−1/!T̃, !10"

T̃!t̃ = 0" = "!t̃ = 0" = 1.

Clearly, the two parameters entering the temperature evolu-
tion equation controlling the expansion is the exponent n and
a Damkohler number Da, which is given by the ratio of the
expansion time scale

texp = !D ln $/Dt"−1 = t1/n , !11"

evaluated at the initial time t1 and the characteristic ignition
delay in the absence of expansion tig, yielding

Da #
texp

tig
=

t1/n
tig

. !12"

III. NUMERICAL SOLUTION

The evolution of the temperature was first determined
numerically by integrating the system of first order ordinary
differential equation !10". An example showing the character
of the solution obtained is shown below for parameters !
=0.1, #=1.2, q=20, and n=1. The power law exponent for
density decay corresponds approximately to spherical
Taylor–Sedov spherical blast waves !see below".

It was found that below a critical value of Damkohler
number, the ignition is quenched. Figure 2 shows an example
of the temperature evolution obtained near the ignition criti-
cality for values of the Damkohler number bracketing the
critical condition for ignition. In this case, the critical limit is
between Da=0.994 549 22 and Da=0.994 549 23. For values
above this threshold, ignition was observed at an earlier time.
An ignition event is characterized by a sudden increase in
temperature and complete consumption of the reactant. For

subcritical values of the Damkohler number, a more rapid
extinction was observed as the Damkohler number was low-
ered. This can be seen in Fig. 2.

Also shown in Fig. 2 is the nonreactive solution !ob-
tained for q=0" of Eq. !10" given by

TNR = $ t̃

nDa
+ 1%−n!#−1"

!13"

and the solution obtained without the loss term displaying
the classical thermal explosion character.8 A few observa-
tions are noteworthy. First note that there is a clearly defined
separatrix between the solutions that lead to ignition from the
ones that do not. As the critical Damkohler number is sought
with further precision, the time for ignition shifts to larger
times, which can be orders of magnitude longer than in the
homogeneous case. Another interesting observation pertains
to the change in solution behavior in the subcritical case of
ignition, below the separatrix. After the failed ignition event,
it can be seen that the rate of decay of temperature follows
the nonreactive solution, suggesting that the reactions are
fully quenched.

The competition between the reaction term and expan-
sion term is illustrated in Fig. 3 for the subcritical case cor-
responding to Da=0.994 549 22. In this case, the production
term is always less than the loss term. Furthermore, although
the time scale of the production term appears slightly less
than the loss term, a sudden extinction is seen at the critical
point of t̃&105. Extinction is associated with this sudden
drop in exothermicity.

The same production and loss terms of Eq. !10" are
shown in Fig. 4 for the supercritical case corresponding to
Da=0.994 549 23. Now, owing to the slightly higher
Damkohler number !which can be physically interpreted ei-
ther as a more sensitive mixture, or a weaker expansion", the
rate of energy production overcomes the loss term, and a
thermal runaway is observed, bringing the system to the
equilibrium product state.
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FIG. 2. Temperature evolution near the critical ignition bifurcation: !a" ho-
mogeneous thermal explosion, !b" inert self-similar expansion, !c" Da=1,
!d" Da=0.99, !e" Da=0.994 549 23, and !f" Da=0.994 549 22.
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FIG. 3. The production !dotted line" and loss term !full line" for the sub-
critical !Da=0.994 549 22" case illustrating the drop-off in the exothermic-
ity after the critical point.

066101-3 Critical ignition in rapidly expanding flows Phys. Fluids 22, 066101 !2010"

1-step chemical models were used
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Introduction Goals of the study

Purpose of the study

Investigate the effect of volumetric expansion on
the chemical kinetics of hydrogen-air mixtures

Approach

Chemistry : detailed reaction model
Flow : simple reactor model to describe expansion
Scope : perform detailed kinetics analyses
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Methodology and calculation procedure
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Methodology and calculation procedure

Problem definition

Specific volume behind a decaying SW

t = 0 t > 0 t = t f

Us (t = 0) = DCJ

PvN ,TvN Ps,Ts Ps, f , Ts, f

vvN vs vs, f

Us (t > 0) < DCJ Us (t = t f ) = Ucrit
s

Po, To Po, To Po, To

Us Us Us

Figure 1: Schematic of problem definition showing initial conditions ahead of shock, and post-shock conditions with parcel of
gas expanding as the shock velocity decays.

2. METHODOLOGY AND CALCULATION PROCEDURE

2.1. Problem definition

The modeled problem is related to the reaction zone behind a decaying shock wave propagating in
a combustible mixture. The problem considered here corresponds to a shock initially propagating at
DCJ (steady detonation velocity that depends on the mixture stoichiometry and initial pressure, Po, and
temperature, To). The thermodynamic conditions immediately behind the leading shock correspond to
the so-called von Neumann state (specified by subscript vN). The shock speed is then allowed to decay
at a prescribed rate given by di↵erent mathematical forms: linear, exponential and power law (see next
section for details). As the shock speed decreases, the conditions behind the shock change, and the
gas in this region undergoes a volumetric expansion. Chemical reactions can no longer be considered
to take place at constant volume or constant pressure, and the cooling of the gas needs to be taken
into account. The form of the decay rate and imposed temperature drop could lead to quenching of
the chemistry depending upon the initial conditions of the mixture. Figure 1 shows a schematic of the
problem for illustrative purposes. It is assumed that the expansion is controlled only by the instantaneous
conditions behind the shock. This imposes some simplification in particular the absence of a time lag
due to perturbation propagation between the shock and the considered gas volume moving away. In the
next subsection the methodology and calculation procedure are outlined in detail.

2.2. Methodology

Three mathematical forms of the shock wave velocity, US , decaying at di↵erent rates have been consid-
ered:

Linear:

US (t) = DCJ � ↵t (1)

where t = t̃/⌧Th with t̃ denoting the physical time. ⌧Th is the time to thermicity peak considering
an adiabatic constant pressure reactor model initially at the von Neumann state, and is used as our
characteristic time scale. ↵ is the velocity decay over one characteristic time, and has units of m/s.

2

Gas expands behind SW as time progresses
Chemical reactions do not take place at constant pressure or volume...

cooling needs to be considered

Mével et al. (7th ICHS) Ignition of H2-Air under volumetric expansion 11 / 29



Methodology and calculation procedure

Mathematical formulation (1)

Three forms for the rate of SW velocity decrease

Linear : US(t) = DCJ −αt

Exponential : US(t) = DCJ exp(−β t)

Power law : US(t∗) = DCJ (t∗)−δ

α, β , and δ are adjusted so that ∆T/τ through
isentropic expansion is the same

Linear : α(∆T ) = DCJ −US(∆T )

Exponential : β (∆T ) = ln(DCJ/US(∆T ))

Power law : δ (∆T ) =
ln(DCJ/US(∆T ))

ln(2)

Mével et al. (7th ICHS) Ignition of H2-Air under volumetric expansion 12 / 29



Methodology and calculation procedure

Mathematical formulation (2)

Final time of simulation

Linear : tf ,Lin =
DCJ−Ucrit

S
α(∆T )

Exponential : tf ,Exp =
ln(DCJ/Ucrit

S )

β (∆T )

Power law : t∗f ,Pw =

(
DCJ
Ucrit

S

)1/δ (∆T )

When SW becomes an acoustic wave (M ∼ 1)

Mével et al. (7th ICHS) Ignition of H2-Air under volumetric expansion 13 / 29



Methodology and calculation procedure

Calculation procedure

Numerical routine including the following steps

Calculate DCJ

Calculate PvN and TvN for US = DCJ

Calculate τTh at PvN and TvN using a CP reactor
Calculate PS(∆T ) using the isentropic relationship for a given ∆T
Calculate the corresponding US(∆T )

Calculate the shock decay rates coefficients : α, β and δ

Calculate tf (or t∗f ) for all decay rates
Construct time vector in the range [0, tf ]
Calculate shock velocity, US, corresponding to each element of
the time vector
Calculate PS(t) corresponding to each value of US(t)
Calculate specific volume, ν , starting from PvN and TvN, and
considering an isentropic expansion
Calculate τTh with the volume vs. time option (VTIM)
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Results and discussion Reaction model

Reaction model validation (1)

Shock tube data
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Results and discussion Reaction model

Reaction model validation (2)

Jet-stirred reactor data
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Results and discussion Reaction model

Reaction model validation (3)

Flow reactor data
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Results and discussion Ignition delay-time under volumetric expansion

Effect of expansion on the ignition dynamics

Cooling rate 0-250 K/τ
Temperature profiles Thermicity profiles
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As cooling rate is increased
τ increases and σmax decreases
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Results and discussion Ignition delay-time under volumetric expansion

Effect of expansion on τ

P1 = 10-1000 kPa and Cooling rate 0-250 K/τ
Linear decay Exponential decay Power law decay
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Highest sensitivity to quenching for P1 = 500-800 kPa
Lowest sensitivity to quenching for P1 < 100 kPa

Mével et al. (7th ICHS) Ignition of H2-Air under volumetric expansion 20 / 29



Results and discussion Ignition delay-time under volumetric expansion

Variation of CP τ along isentropes

Effect of initial pressure
Low pressure range High pressure range

(Exponential decay) (Linear decay)
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At LP, 2nd explosion limit is located at lower T
At HP, delay-time decreases as P increases
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Results and discussion Thermo-chemistry dynamics at near-critical conditions

Species profiles

Power law decay rate
Sub-critical Near-critical Super-critical
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At 225 K/τ, runaway just before final time
At 230 K/τ, no significant consumption of reactants
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Results and discussion Thermo-chemistry dynamics at near-critical conditions

Energy release

Chemical energy vs Cooling (expansion)
Sub-critical Near-critical Super-critical
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At 225 K/τ, weak energy release at longer time
At 230 K/τ, no significant energy release
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Results and discussion Thermo-chemistry dynamics at near-critical conditions

Energy release per reaction

Focus on chemical energy release
Sub-critical Near-critical Super-critical
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At ≤ 225 K/τ :
Induction : H+O2(+M) = HO2(+M)

Exothermic : OH+H2 = H2O+H and OH+H(+M) = H2O(+M)
At > 225 K/τ :

No switch to branching chemistry
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Results and discussion Thermo-chemistry dynamics at near-critical conditions

Rate of production

Analysis for OH radical
Sub-critical Near-critical Super-critical
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At ≤ 225 K/τ :
Double inversion between linear chain and chain

branching
At > 225 K/τ :

Single inversion between linear chain and chain branching
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Results and discussion Thermo-chemistry dynamics at near-critical conditions

Sensitivity coefficient on OH

Evolution as a function of cooling rate
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Increasing sensitivity and competition between
linear chain and chain branching
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Conclusion

Conclusion

Study of chemical kinetics of hydrogen-air
mixtures under volumetric expansion

Power law decay is the least efficient at quenching the reaction

Intermediate pressure (P1 = 500-800 kPa) are the most sensitive to
quenching

Low pressure (P1 < 100 kPa) are the least sensitive to quenching

Complex response to expansion is due to the extended second
explosion limit

Mével et al. (7th ICHS) Ignition of H2-Air under volumetric expansion 28 / 29



Conclusion
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t = 0 t > 0 t = t f

Us (t = 0) = DCJ

PvN ,TvN Ps,Ts Ps, f , Ts, f

vvN vs vs, f

Us (t > 0) < DCJ Us (t = t f ) = Ucrit
s

Po, To Po, To Po, To

Us Us Us

Figure 1: Schematic of problem definition showing initial conditions ahead of shock, and post-shock conditions with parcel of
gas expanding as the shock velocity decays.

2. METHODOLOGY AND CALCULATION PROCEDURE

2.1. Problem definition

The modeled problem is related to the reaction zone behind a decaying shock wave propagating in
a combustible mixture. The problem considered here corresponds to a shock initially propagating at
DCJ (steady detonation velocity that depends on the mixture stoichiometry and initial pressure, Po, and
temperature, To). The thermodynamic conditions immediately behind the leading shock correspond to
the so-called von Neumann state (specified by subscript vN). The shock speed is then allowed to decay
at a prescribed rate given by di↵erent mathematical forms: linear, exponential and power law (see next
section for details). As the shock speed decreases, the conditions behind the shock change, and the
gas in this region undergoes a volumetric expansion. Chemical reactions can no longer be considered
to take place at constant volume or constant pressure, and the cooling of the gas needs to be taken
into account. The form of the decay rate and imposed temperature drop could lead to quenching of
the chemistry depending upon the initial conditions of the mixture. Figure 1 shows a schematic of the
problem for illustrative purposes. It is assumed that the expansion is controlled only by the instantaneous
conditions behind the shock. This imposes some simplification in particular the absence of a time lag
due to perturbation propagation between the shock and the considered gas volume moving away. In the
next subsection the methodology and calculation procedure are outlined in detail.

2.2. Methodology

Three mathematical forms of the shock wave velocity, US , decaying at di↵erent rates have been consid-
ered:

Linear:

US (t) = DCJ � ↵t (1)

where t = t̃/⌧Th with t̃ denoting the physical time. ⌧Th is the time to thermicity peak considering
an adiabatic constant pressure reactor model initially at the von Neumann state, and is used as our
characteristic time scale. ↵ is the velocity decay over one characteristic time, and has units of m/s.
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