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Abstract
Accurate measurement of ignition delay in a shock tube is extremely important for developing chemical mechanisms of dif-
ferent fuels. In ideal shock-tube experiments, the test gas behind the reflected shock is expected to ignite uniformly. However, 
in practical shock-tube experiments, non-uniform ignition occurs due to different factors such as boundary layer growth and 
boundary layer–reflected shock interaction. Such non-uniform ignition greatly complicates the interpretation of measure-
ments and affects the accuracy of ignition delay measurement. Even without boundary layer and multi-dimensional effects, 
non-uniform ignition can still happen since the reflected shock itself can induce the spatial gradient of ignition delay. This 
was first studied numerically by Melguizo-Gavilanes and Bauwens (Shock Waves 23(3):221–231, 2013) using a simplified 
three-step chemical mechanism. They found that non-uniform ignition can greatly affect the determination of ignition delay 
in a shock tube. As an extension of Melguizo-Gavilanes and Bauwens’ work, in the present study we conduct simulations 
considering detailed chemistry for two fuels, hydrogen and n-heptane, without and with low-temperature chemistry. Moreo-
ver, the detonation development for different mixtures is interpreted through comparing the local sound speed and reaction 
front propagation speed. The ignition delay recorded at different positions away from the end wall is compared to that in a 
homogeneous system. A large deviation in ignition delay is observed. The deviation is shown to change linearly with the 
distance away from the end wall, and a correlation is proposed to accurately describe such deviations.

Keywords Shock tube · Non-uniform ignition · Ignition delay · Detonation development

1 Introduction

The ignition delay measured in shock-tube experiments is 
popularly used to develop and validate chemical mechanisms 
[1]. Accurate measurement of ignition delay is extremely 
important since it is difficult to constrain the uncertainty 
of chemical models using experimental data with large 
uncertainty. In ideal shock-tube experiments, the test gas 
behind the reflected shock should be stationary and uniform, 
in which homogeneous ignition is expected. However, in 

practical shock-tube experiments, there are non-ideal behav-
iors resulting from boundary layer growth and the interac-
tion between boundary layer and reflected shock, which 
result in non-uniform, inhomogeneous ignition [2]. Such 
non-uniform ignition can greatly affect the accuracy of igni-
tion delay measurements in a shock tube [3].

In the literature, there are many studies on the ignition 
behavior behind a reflected shock. For example, Strehlow 
and coworkers [4, 5] identified three types of ignition behav-
ior in a shock tube. Voevodsky and Soloukhin [6] identified 
weak and strong ignition regimes based on the second explo-
sion limit of hydrogen–oxygen mixtures. Meyer and Oppen-
heim [7] showed that the ignition kernels start at a distance 
away from the shock-reflecting wall in the weak ignition 
regime. Oran et al. [8, 9] conducted simulations for cases in 
weak and strong regimes of hydrogen–oxygen–argon mix-
tures, and they found that the ignition delay at a distance 
away from the shock-reflecting wall is much smaller than 
the calculated chemical induction time. Yamashita et al. [10] 
found that there are ignition positions around the central axis 
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of the shock tube and that local ignition can be induced by 
bifurcated shock waves behind the reflected shock. Grogan 
and Ihme [2] found that multi-dimensional effects can cause 
non-uniform ignition and that wall-heat transfer has a strong 
impact on ignition. Uygun [3], Javed et al. [11], and Ninne-
mann et al. [12] observed that pre-ignition occurs in shock-
tube experiments, which complicates the interpretation of 
measurements. In the recent study of Tulgestke et al. [13], 
inhomogeneous ignition was visualized in a shock tube and 
it was caused by small particle fragmentation after arrival 
near the end wall.

Most of the studies mentioned above focused on the non-
uniform ignition due to the interaction between boundary 
layer and reflected shock, localized (pre-) ignition kernels, 
or multi-dimensional effects. Unlike previous studies, this 
work focuses on non-uniform ignition due to the fact that 
the test gas is consecutively compressed by the reflected 
shock. Since the mixture closer to the end wall is com-
pressed earlier by the reflected shock, it needs a shorter 
time for ignition to happen. Figure 1 shows the approxi-
mate spatial distribution of the time required for ignition to 
happen, τi(x) ≈ τi

0 − (xshock − x)/ushock, at the moment that the 
reflected shock arrives at x = xshock. The mixture just after 
the reflected shock (i.e., x = xshock) has the longest ignition 
delay of τi

0. For the mixture close to the end wall (i.e., x = 0), 
the time required for ignition to happen is approximately 
equal to τi

0 − xshock/ushock. Therefore, the reflected shock itself 
can induce the gradient of ignition delay. According to the 
reactivity gradient mechanism of Zel’dovich [14] and the 

SWACER mechanism of Lee et al. [15], detonation may 
develop due to the gradient of ignition delay. Such kind of 
shock-induced detonation was studied by different groups 
in experiments (e.g., [16]). However, its influence on the 
determination of ignition delay in a shock tube was only 
first studied by Melguizo-Gavilanes and Bauwens [17] 
through numerical simulations using a simplified three-step 
chain-branching kinetic scheme. In their simulation results, 
detonation development due to non-uniform ignition after 
the reflected shock was observed. They concluded that the 
spatial non-uniformities result in the ignition delays meas-
ured in shock-tube experiments being different from that in a 
homogeneous isochoric (constant UV) or isobaric (constant 
HP) reactor [17].

As an extension of Melguizo-Gavilanes and Bauwens’s 
work [17], here we conduct simulations considering detailed 
chemistry for two fuels, hydrogen and n-heptane. n-Heptane 
is considered here since it has two-stage ignition when the 
temperature is within the negative temperature coefficient 
(NTC) region. The two-stage ignition cannot be reproduced 
by the three-step chemistry used in [17]. Moreover, the ratio 
of the local sound speed to reaction front propagation speed 
is derived, and it is used to interpret the detonation devel-
opment after the reflected shock. Besides, a correlation is 
proposed to describe the deviation in ignition delay based 
on the pressure history recorded at different positions in a 
shock tube with that for a homogeneous isochoric process. 
This was not reported in [17].

Similar to the work of Melguizo-Gavilanes and Bauwens 
[17], the multi-dimensional effects (e.g., shock–boundary 
interactions [18] and complicated wall-bounded flows [19]) 
are deliberately avoided since we focus on the non-uniform 
ignition caused by the propagation of the reflected shock 
itself. Therefore, one-dimensional simulations are conducted 
here. First, the mechanism for detonation development is 
analyzed. Then, ignition delay recorded at different positions 
away from the end wall is obtained and compared to that in 
a homogeneous system. The deviation in ignition delay is 
analyzed and interpreted. Finally, a correlation is derived 
from theoretical analysis, and it can accurately describe the 
deviation between the measured ignition delay and that in a 
corresponding homogeneous system.

2  Numerical model and specifications

A one-dimensional simulation is conducted to study the tran-
sient ignition and detonation development process after a 
reflected shock. The length of the computational domain is 
long enough to ensure that ignition starts near the end wall 
during the propagation of the reflected shock (i.e., the com-
putational domain length is larger than the speed of reflected 
shock multiplying the ignition delay) and that the interaction 

Fig. 1  Approximate spatial distribution of the time required for igni-
tion to happen, τi(x) ≈ τi

0 − (xshock − x)/ushock, at the moment that the 
reflected shock arrives at x = xshock. The speed of reflected shock 
is ushock, and the homogeneous ignition delay is τi

0 for the mixture 
immediately after the reflected shock (i.e., at x = xshock)
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between the reflected shock and contact surface is artificially 
prevented. Initially, the incident shock located at some dis-
tance (e.g., 15 cm) from the end wall on the left side. Then, it 
propagates to the left side and it reflects off the adiabatic end 
wall, which is located at the left boundary, x = 0 cm, as shown 
in Fig. 1. The right side is a non-reflecting boundary condition. 
The end wall is considered to be adiabatic rather than at a fixed 
wall temperature, which simplifies the process of shock reflec-
tion on the wall. In practical shock-tube experiments, there is 
heat loss on the end wall and this deserves further study.

The one-dimensional transient shock propagation, autoig-
nition, and detonation development processes are simulated 
using the in-house code A-SURF [20–22]. A-SURF solves the 
following conservation equations of mass, momentum, spe-
cies, and total energy for one-dimensional, adiabatic, multi-
component, reacting compressible flows [20–22]:

where t and x are the temporal and spatial coordinates, 
respectively. The vectors U, F(U), G(U), Fv(U), and SR are 
defined as:

where ρ is the density, u the flow velocity, Yk the mass frac-
tion of species k, and E the total energy per unit mass. The 
subscript x in Fv(U) stands for the partial derivative with 
respect to x.

In the species conservation equations, ωk is the production 
rate of species k, which is calculated using the CHEMKIN 
package [23]. The mixture-averaged formula is used to cal-
culate the diffusion velocity of the kth species, V ′

k
 , which is 

composed of three parts:

where V ′
k,Y

 , V ′
k,T

 , and V ′
k,C

 are the ordinary diffusion veloc-
ity, thermal diffusion velocity, and the correction velocity, 
respectively. The correction velocity V ′

k,C
 is included to 

ensure the compatibility of the species and mass conserva-
tion equations [24].
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In the momentum equation, P is the pressure and the vis-
cous stresses, τ, is modeled as

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

The heat flux q includes a heat diffusion term expressed by 
Fourier’s law and a second term associated with the diffu-
sion of species with different enthalpies.

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

The pressure can be calculated from the ideal gas law

where R = 8.314 J/(mol K) is the universal gas constant and 
M̄ is the mean molecular weight.

The CHEMKIN and TRANSPORT packages [23, 24] are 
used to calculate the thermodynamic and transport prop-
erties in (2–7). The finite volume method is used to solve 
the conservation equations. The time evolution of the stiff 
reaction term is separated from that of the convection and 
diffusion terms by using the Strang splitting fractional-step 
procedure [25]. In the first and third half fractional steps, the 
conservation equations for non-reactive flow are solved. The 
temporal integration, convective flux, and diffusive flux are 
calculated, respectively, using the Runge–Kutta, MUSCL-
Hancock (with MINBEE flux limiter) [26], and central dif-
ference schemes. In the second fractional step, the chemistry 
is solved using the semi-implicit integration method [27]. 
A-SURF has been successfully used in previous studies on 
flame propagation, end-gas autoignition, and detonation 
development (e.g., [28–33]). The details on numerical meth-
ods and code validations can be found in Refs. [20–22] and 
thereby are not repeated here.

Two mixtures are considered here: One is stoichiomet-
ric hydrogen–oxygen with different amounts of argon dilu-
tion, and the other is stoichiometric n-heptane–oxygen with 
nitrogen dilution. The detailed chemistry for hydrogen [34] 
(with 10 species and 21 elementary reactions) and the skel-
etal mechanism for n-heptane with low-temperature chem-
istry [35] (with 44 species and 112 elementary reactions) 
are used in the simulations. In order to accurately and effi-
ciently resolve the propagation of shock wave, autoignition, 
and detonation, a dynamically adaptive mesh refinement 
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strategy is adopted. Mesh refinement and coarsening are 
conducted based on the local temperature and pressure gra-
dients. The base mesh size before refinement is 4.096 mm. 
After 10 levels of mesh refinement, the finest mesh size is 
4 μm. The corresponding time step is 0.15 ns. The shortest 
induction length for detonations observed in this study is 
around 100 μm. Therefore, enough resolution is ensured for 
simulating detonation development and propagation. Numer-
ical convergence has been checked and ensured by further 
decreasing the time step and mesh size in simulations.

It is noted that in our simulations, the governing equations 
and initialization are different from those in of Melguizo-
Gavilanes and Bauwens [17]. Here, we solve the traditional 
conservation equations for compressible reactive flow based 
on Eulerian rather than Lagrangian coordinates. Initially, the 
shock is not on the end wall. The incident shock is initially 
located at some distance from the end wall. During time 
evolution, the incident shock propagates toward the end wall 
and reflects off it. As the reflected shock moves away from 
the end wall, the region between the reflected shock and the 
end wall becomes larger, leading to unavoidable resolution 
problems initially as a few grid points will be present in the 
region of interest. However, this does not have a strong effect 
on the simulation results since a small grid size of 4 μm is 
used in our simulation. For a reflected shock propagating at 
a speed on the order of 1000 m/s, it takes only 4 ns to pass 
a grid. Such a short time has little effect on the ignition pro-
cess which has the timescale on the order of 1–1000 μs. In 
addition, numerical tests with the smallest grid size of 1 μm 
indicated that grid convergence is achieved for a grid size of 
4 μm. Therefore, here we do not need to handle the singular 
nature of the initial conditions as in [17].

3  Results and discussion

3.1  Hydrogen–oxygen–argon mixture

3.1.1  Detonation development

First, we investigate the detonation development process 
after the reflected shock for stoichiometric hydrogen–oxy-
gen mixtures with different amounts of argon dilution. Fig-
ure 2 shows the temporal evolution of temperature and pres-
sure distributions during the autoignition after a reflected 
shock in stoichiometric  H2–O2 with 40% vol. Ar dilution. 
The temperature and pressure after the reflected shock are 
TS = 1032.3 K and PS = 1.38 atm, respectively. The inci-
dent shock Mach number is 2.36, and its pressure ratio is 
5.69. The corresponding temperature and pressure after the 
incident shock are 649.45 K and 0.376 atm, respectively. 
Timing starts when the reflected shock leaves the end wall 
at x = 0 cm. At t = 81.1 μs (line #2 in Fig. 2), autoignition 

starts near the end wall and the reaction front propagates to 
the right side. At t = 83.7 μs (line #3), a shock is developed 
due to the coherent coupling between ignition and the pres-
sure wave [36, 37]. Eventually, a detonation develops and 
it propagates to the right side at a speed of 1890 m/s (lines 
#4–6), which is very close to the CJ speed of 1928 m/s. 
Since the leading reflected shock propagates slower than 
the detonation, the detonation can eventually catch up and 
merge with the reflected shock. This process is schematically 
summarized in Fig. 3.

The above detonation development process can be 
explained by the reactivity gradient mechanism [14]. 
According to Gu et al. [38], detonation development can be 
characterized by the non-dimensional parameter, ξ, which 
represents the ratio of local sound speed, a, to reaction front 
propagation speed, uf. The reaction front propagation speed 
is equal to the inverse of the ignition gradient [14]:

in which τi(x) is the spatial distribution of ignition delay. 
Approximately we can assume that autoignition happens 
independently at each point after the reflected shock and 
thereby τi(x) ≈ τi

0 − (xshock − x)/ushock as indicated in Fig. 1. 
Therefore, we have uf = 1/(dτi(x)/dx) ≈ ushock. It is noted that 
this is just a first-order approximation since autoignition at 
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Fig. 2  Temporal evolution of temperature and pressure distribu-
tions for stoichiometric  H2–O2 with 40% vol. Ar dilution. The tem-
perature and pressure after the reflected shock are TS = 1032.3 K and 
PS = 1.38 atm, respectively. The time sequence from line #1 to #6 is 
t = 1.1, 81.1, 83.7, 85.4, 91.7,  and 97.6 μs (at t = 0 μs, the reflected 
shock leaves the end wall at x = 0 cm)
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each point is not an independently isochoric process, which 
will be shown later. In fact, the reaction front does not propa-
gate at exactly the same speed as the reflected shock. But 
such an approximation does help to explain the detonation 
development. Therefore, approximately we have

where Mshock is the Mach number of the reflected shock. It 
is noted that the sound speed behind the reflected shock, 
rather than the one before the reflected shock, is used in 
(9). Over the course of detonation development, the reaction 
front will be steep and evolves into a detonation wave that 
eventually overtakes the reflected shock. Thus, the approxi-
mation of uf ≈ ushock is only used here to explain the detona-
tion development, and it cannot be used later in (11). After 
a simple derivation based on the relationships for incident 
and reflected shock waves [39], we have

in which γ is the heat capacity ratio and k is the pressure ratio 
of the incident shock. Calculation results based on (10) are 
shown in Fig. 4. It is observed that 1 < ξ < 2.5. This means 
that the reaction–autoignition front propagates at a speed 
close to the local sound speed. Therefore, chemical reac-
tion can coherently couple with the pressure wave [38]. The 
mutual reinforcement between chemical reaction and the 
pressure wave eventually leads to the detonation develop-
ment shown in Fig. 2.

Similar results of detonation development are obtained 
for stoichiometric  H2–O2 with 70% vol. argon dilution. 
With the increase in argon dilution, detonation development 
becomes slower due to lower heat release rate and longer 
excitation time (which is defined as the time interval for heat 
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release [38]). When argon dilution reaches 90% vol., Fig. 5 
shows that a detonation cannot be developed. The reaction 
front (defined as the location of maximum heat release rate) 
propagates at the speed in the range of 500–900 m/s, which 
is much lower than the CJ speed of 1332 m/s. Moreover, the 
peak pressure, around 3.74 atm, is much lower than the pres-
sure at the corresponding von Neumann spike, 6.98 atm. (It 

Fig. 3  Schematic of trajectories of reflected shock, ignition front, and 
detonation waves

Fig. 4  Change of ξ with k for different values of γ as predicted by (10)
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is based on the conditions of 1032.2 K and 1.23 atm behind 
the reflected shock.)

3.1.2  The ignition delay time

To investigate the autoignition process after the reflected 
shock, we track the flow particles at different initial loca-
tions [29]. The position of a flow particle is first updated 
by its current flow speed multiplying the time step size of 
∆t = 0.15 ns which is fixed in the simulation; then, the ther-
mal states and flow speed of this particle are obtained from 
linear interpolation of corresponding values at its two neigh-
boring grids [29]. Figure 6 shows the results for the case 
shown in Fig. 2. It is observed that for the particle near the 
reflecting wall, X0 = 1 mm, the autoignition process is neither 
isochoric nor isobaric. The particle first experiences expan-
sion during its autoignition process. Then, it is compressed 
due to autoignition in its neighboring particles. For the par-
ticle initially at X0 = 2 mm, during its autoignition process, 
it is compressed by the autoignition of particles on its left 
side (i.e., X0 < 2 mm). For particles initially at X0 = 5 and 
15 mm, they go through the typical detonation process con-
taining the compression by a shock wave and autoignition 
afterward. Therefore, the autoignition at each point after the 
reflected shock is not an independently isochoric or isobaric 
process, and it is affected by expansion or compression due 
to its neighbor.

To mimic the ignition delay measurement in a shock 
tube, in simulations we record the pressure history at differ-
ent positions away from the end wall. The results for stoi-
chiometric  H2–O2 with 40% and 90% vol. argon dilution 
are shown in Fig. 7. It is noted that timing starts when the 
reflected shock passes the recording position. For compari-
son, the results for homogeneous ignition at constant volume 
are also plotted in Fig. 7. The ignition delay at a certain 

recording position XP is denoted as τi(XP), and it is defined as 
the time interval between passage of the reflected shock and 
the maximum pressure rise rate. For the constant-volume 
and constant-pressure homogeneous ignition processes, their 
ignition delay τi

0 is defined as the time of maximum pressure 
and temperature rise rate, respectively. It is noted that—as 
suggested by one of the anonymous reviewers—while the 
various definitions often coincide for highly exothermic 
events at low dilution levels [40], there can be noticeable 
differences between different ignition time markers for more 
dilute conditions.

Figure 7a shows that the ignition delay decreases when 
the recording position moves away from the end wall (i.e., 
increasing XP). Similar observation was found in previous 
simulation based on three-step chemistry [17]. This is due 
to the non-uniform ignition and detonation development as 
shown in Fig. 2. It is noticed that the ignition delay recorded 
near the end wall, XP = 0.2 mm, is slightly longer than that 
for a constant-volume homogeneous ignition process. This 
is due to the expansion shown in Fig. 6. When argon dilution 
is increased to 90% vol., Fig. 7b indicates that the ignition 
delay recorded at different positions is close to that for a 
constant-volume homogeneous ignition process. Therefore, 
from Fig. 7, we conclude that due to non-uniform ignition 
and detonation development, the ignition delay decreases 
as the recording position moves away from the end wall, 
and that such differences can be reduced by increasing 
argon dilution. In [17], heat release was changed, and this 
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procedure is equivalent to changing the dilution ratio. The 
present results based on detailed chemistry are consistent 
with those in [17] based on simplified three-step chemistry.

Figure  8 depicts the deviation for ignition delay 
recorded at different positions. The derivation is defined as 
D = τi(XP)/τi

0 − 1, where τi(XP) is the ignition delay recorded 
at x = XP and τi

0 is the ignition delay of the constant-volume 
(isochoric) homogeneous ignition process. For the deriva-
tion D = τi(XP)/τi

0 − 1 and the values of D and τi
0 shown in 

Fig. 8, τi(XP) can be readily evaluated, and therefore it is 
not plotted in another figure. Figure 8 shows that devia-
tion changes linearly with the distance away from the end 
wall and that the absolute value of deviation decreases with 
the increase in argon dilution. A similar observation was 
found in [17]. Such observations can be explained by the 
following analysis. According to the definition, the ignition 
delay at x = XP is equal to the difference between the time 
elapsed by the reflected shock and reaction front to arrive 
at this recording position. At early times immediately after 
shock reflection on the end wall, the reaction front speed uf 
is highly transient. After the transient process, the speeds 
of the reflected shock ushock and reaction front uf can be 
approximately assumed to remain constant and we have the 
following expression for the deviation:

in which ∆t is the difference between τi
0 and the ignition 

delay at the reflecting wall (i.e., XP = 0). In simulations, the 
reaction front xf is defined as the position with the local 
maximum pressure gradient and a nonzero reaction rate (oth-
erwise it occurs at the shock position), and the reaction front 

(11)D =
1

�0
i

(
XP

ushock
−

XP

uf
+ Δt

)

speed is obtained from numerical differentiation according 
to uf = dxf/dt. According to the results in Fig. 7, ∆t/τi

0 is close 
to zero (around 2%) and negligible for  H2–O2–Ar mixture. 
Equation (11) indicates that the deviation changes linearly 
with the distance away from the end wall, XP. This is con-
sistent with the trend shown in Fig. 8. As shown in Fig. 7, 
the ignition delay τi

0 increases greatly with argon dilution. 
Therefore, according to (11), the absolute value of devia-
tion should decrease with the increase in argon dilution as 
shown in Fig. 8. It is noted that argon dilution also changes 
the overall ratio of specific heat capacities and thereby the 
compressibility of the mixture. However, the influence of 
dilution on the deviation is mainly due to its change in the 
ignition delay rather than the compressibility of the mix-
ture. Figure 8 indicates that at very high dilution levels (e.g., 
above 95% argon dilution), the gas dynamic effects of igni-
tion (the theme of the present manuscript) are minimal and 
can be neglected. Besides, the pressure measurements in 
most shock-tube tests are not conducted at large distances 
away from the end wall and in many cases they are done 
directly from the end wall. Therefore, the gas dynamic 
effects are diminished according to Fig. 8 and (11).

Figure 9 shows that the deviation given by (11) agrees 
very well with that from calculation. The good agreement 
also indicates that the approximation of constant ushock and 
uf is reasonable. In shock-tube experiments, if the speeds of 
reflected shock ushock and reaction front uf can be measured 
at different positions, (11) can be used to correct the ignition 
delay recorded at different positions away from the end wall. 
In shock-tube experiments, the reflected shock speed ushock 
might be accurately measured or found from normal shock 
relations. The speed of reaction front uf can be obtained from 
the maximum pressure rise rate in pressure measurements 
at different positions.
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3.2  n‑Heptane–oxygen–nitrogen mixture

In this subsection, we consider n-heptane, which has low-
temperature chemistry and is one of the main components 
of the Primary Reference Fuel (PRF) for gasoline. Figure 10 
shows the temporal evolution of temperature and pressure 
distributions during the autoignition after a reflected shock 
in stoichiometric n-heptane–air mixture. The temperature 
and pressure after the reflected shock, TS = 787.2 K and 
PS = 8.61 atm, are within the NTC region. Therefore, as 
shown later, two-stage autoignition happens in the mixture 
after the reflected shock. Compared to the  H2–O2–Ar mix-
ture considered in Sect. 3.1, the  nC7H16–air mixture has 
much longer ignition delay. Figure 10 shows that ignition 
starts near the end wall around t = 5442 μs (line #2). Due to 
the reactivity gradient mechanism explained before, detona-
tion development (lines #4–#7 in Fig. 10) is also observed 
for  nC7H16–air mixture after the reflected shock.

Figure 11 shows the pressure history recorded at differ-
ent positions away from the end wall. It is noted that, unlike 
 H2–O2–Ar mixture whose homogenous ignition delay at con-
stant pressure is nearly the same as that at constant volume 
(see Fig. 7), Fig. 11 shows that there is a large difference 
between C.V. and C.P. ignition delay times for  nC7H16–air. 
This is due to the fact that the influence of pressure on ignition 
delay is much stronger for of  nC7H16–air than for  H2–O2–Ar 

mixtures at the conditions considered in this work. For the 
case within the NTC region, Fig. 11a indicates that two-stage 
heat release occurs. As mentioned before, the particle near the 
end wall, XP = 2 mm, follows an expansion process during its 
autoignition. Therefore, its ignition delay is much longer than 
that for the homogeneous ignition at constant volume. When 
the temperature after the reflected shock is above the NTC 
region, Fig. 11b shows that the ignition delay recorded near 
the end wall, XP = 2 mm, is between those for the homogene-
ous ignition at constant volume and at constant pressure. At 
higher temperature TS, the heat release becomes faster and 
thereby the influence of expansion becomes weaker. Simi-
lar to the conclusion drawn for  H2–O2–Ar, the results for 
 nC7H16–air also indicate that the autoignition process after 
the reflected shock is neither isochoric nor isobaric and that 
due to non-uniform ignition, the ignition delay decreases as 
the recording position moves away from the end wall.

Figure 12 shows the deviation for ignition delay recorded at 
different positions for stoichiometric  nC7H16–O2 with different 
amounts of  N2 dilution. The results are consistent with those 
for  H2–O2–Ar. It is seen that the deviation changes linearly 
with XP and that the absolute value of deviation decreases with 
the increase in nitrogen dilution. Besides, due to the expansion 
process before ignition, the deviation near the end wall is posi-
tive, indicating the ignition delay recorded near the end wall 
in the shock tube is greater than that in the constant-volume 
homogeneous system. Again, such deviation can be accurately 
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given by  (11) for nC7H16–O2–N2 mixtures, which is demon-
strated in Fig. 13.

Besides n-heptane, we also studied dimethyl ether with 
low-temperature chemistry. Similar results were obtained for 
dimethyl ether–air.

4  Conclusions

Numerical simulations were conducted to investigate the non-
uniform ignition and detonation development after a reflected 
shock. This problem was first studied by Melguizo-Gavilanes 

and Bauwens [17] using a simplified three-step chain-branch-
ing kinetic scheme. As an extension of work in [17], here 
detailed chemistry is considered in simulations. Two fuels, 
hydrogen and n-heptane, without and with low-temperature 
chemistry were studied. Similar to results in [17] based on 
three-step chemistry, the present results based on detailed 
chemistry indicate that the autoignition at each point after 
the reflected shock is not an independently isochoric or iso-
baric process, and it is affected by expansion or compression 
due to its neighbor. Therefore, the constant-volume or con-
stant-pressure assumption is not appropriate for describing 
the ignition process in a shock tube, especially for mixtures 
without high dilution. Unlike the previous work in [17], the 
ratio of the local sound speed to reaction front propagation 
speed is derived and it is used together with the reactivity 
gradient mechanism of Zel’dovich to interpret the detona-
tion development after the reflected shock. Moreover, a cor-
relation is proposed to accurately describe the deviation in 
ignition delay based on the pressure history recorded at dif-
ferent positions in a shock tube with that for a homogeneous 
isochoric process. This correlation might be used to correct 
the ignition delay recorded at different positions away from 
the end wall if the speeds of the reflected shock and reaction 
front can be measured in experiments.

It is noted that one-dimensional simulations are con-
ducted here to deliberately avoid the multi-dimensional 
effects and to focus on the non-uniform ignition caused by 
the propagation of the reflected shock itself. However, in 
shock-tube experiments, multi-dimensional effects always 
exist. Therefore, further work is needed to study the combi-
nation of multi-dimensional effects and non-uniform ignition 
due to the propagation of the reflected shock.

It is also noted that modern ignition delay time measure-
ments in shock tubes are performed considering the sensitiv-
ity with dilution level and distance from the end wall [41, 
42]. Major shock-tube groups perform their measurements 
within 1–2 cm from the end wall, and in most cases igni-
tion measurements for dilution levels less than about 95% 
are done at the end wall and not the sidewall. Therefore, the 
non-uniform ignition effects can be minimized in modern 
ignition delay time measurements using shock tubes.
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