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In this paper, the coupling mechanism between shock dynamics and chemical reaction
kinetics of the self-sustained propagation of H,-Air detonation was studied. Two-
dimensional numerical simulations were conducted and four chemical reaction kinetics
models were used. The results demonstrate that the ignition delay time plays a significant
role in the detonation propagation since it directly affects the detonation front structure.
The longer the ignition delay time is, the bigger the cell size will be. The period of the
movement of triple-wave points almost equals to ignition delay time of the reactants in the
induction zone. This mechanism is very important for the hydrogen safety.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Gaseous detonation is a supersonic self-sustained combus-
tion wave propagating in the pre-mixed combustible gas. The
leading shock front compresses the combustible gas to
implement auto-ignition in a very short distance. With the
help of the energy release from the combustion, detonation
maintains self-sustained propagation [1]. The combustion
efficiency of detonation is very high and as a result its
destructiveness is also very great. Studying the mechanism of
formation and propagation of detonation is very important
for the prevention and treatment of coal mine gas explosion,
chemical combustible gas leakage and explosion problems in
industry [2—5].

The detonation front is composed of Mach stem, incident
shock and transverse wave. The point where they join
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together is called triple-wave point. In order to theoretically
explain the complex mechanism of gaseous detonation, Lee
[1] proposed the SWACER (Shock Wave Amplification by
Coherent Energy Release) mechanism. Jiang put forth the
INWPCR (Interaction of Nonlinear Wave Propagation and
Chemical Reaction) mechanism [6]. Both of these two the-
ories point out that the essence of the detonation initiation
and propagation lies in the coupling between shock dynamics
and chemical reaction kinetics. If the coupling process can be
broken, the detonation hazard can be prevented from hap-
ping in industry. But the key parameters controlling the
coupling process is not known yet.

Extensive numerical simulations and experiments have
been conducted to investigate gaseous detonation structures
[7]. Oran et al. [8] studied the propagation of the H,-Air and
CH,-Air detonation using one-step overall chemical reaction
model. Westbrook & Urtiew [9], Shepherd [10] and Kumar [11]

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:liuyunfeng@imech.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2016.06.038&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2016.06.038
http://dx.doi.org/10.1016/j.ijhydene.2016.06.038
http://dx.doi.org/10.1016/j.ijhydene.2016.06.038

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 11900—I11908

11901

estimated the cell size in numerical simulation using one-step
overall model, respectively. In these researches, different grid
sizes and computational domains were used to identify nu-
merical requirements for high-fidelity simulations of deto-
nation cellular structures. The effects of the pre-exponential
factor, grid size, time step, domain length, and exit boundary
condition on the cellular structure and cell size are examined
systematically.

With recent advances in computing power, much finer
grid resolutions and more complete chemical kinetics
schemes have been adopted. Much information about the
cellular structure was obtained, including the formation of
un-reacted pockets, collision of triple-shock points, and
evolution of the transverse waves [12—18|. Oran et al. [19]
conducted the numerical simulation of H,—O,—Ar detona-
tion using a detailed chemical reaction model. The energy
release and the transverse wave are discussed in the deto-
nation propagation. Emphasis was placed on the wave front
dynamics and evolution of cellular patterns. All these at-
tempts were made to see how the relevant parameters, i.e.,
the initial temperature, initial pressure, activation energy,
heat release per unit mass of product species and so on, affect
the cellular structures. The research showed that the acti-
vation energy Ea and the pre-exponential factor K in the
mass rate of product formation are the most important pa-
rameters controlling the cellular structure. The higher the
activation energy is, the unstable the cellular structure is.
And the bigger the pre-exponential factor K is, the smaller the
cell size is.

Shchelkin & Troshin [20] first proposed that the experi-
mentally measured detonation cell size could be correlated
with the reaction zone width. Then a series of relevant
studies have been done to figure out the instinct relationship
between the reaction zone width and the cell size. Gavrikov
et al. [21] analyzed the correlation between characteristic
reaction zone widths, calculated from detailed chemical ki-
netic models, and experimentally measured or numerically
simulated detonation cell sizes. The results showed that the
characteristic reaction zone width do have a connection with
the cell size. A mathematical fitting method is used to get a
formula between the cell size and the characteristic reaction
zone widths. Eaton et al. [22] conducted numerical simulation
on the detonation cell sizes of methanol—oxygen mixtures at
different initial pressures and compositions using a detailed
chemical kinetic model. A similar mathematical fitting
method is used to combine the characteristic reaction zone
widths with the cell sizes. Taylor et al. [23] studied the dilute
H,—0,—Ar and the H,-Air detonation using detailed chemical
reaction models. Again, the mathematical fitting method is
used and a formula concerning the characteristic reaction
zone widths and the cell size is shown. The H,—0,—Ar
cellular structures were regular in shape and their sizes
compared reasonably well with experimental observations.
However, the main mechanism in the detonation propaga-
tion is still unknown. Most of the computed H,-Air cells at
atmospheric conditions are smaller than those observed in
experiments. This result suggests that important physical
processes are either neglected or represented incorrectly. If
chemical reaction kinetics is not correct, the ignition and
propagation of a detonation will be not correct.

In this paper, we studied the key coupling mechanism
between shock wave and chemical reaction kinetics of H,-air
detonation. We studied the ignition delay times of different
H,-Air chemical reaction kinetics. And we also examined the
period of triple-shock point during the propagation of deto-
nation. The results show that the period equals to the ignition
delay time quantitatively. This reveals the key mechanisms
of self-sustained detonation propagation, which is very
important for the detonation prevention in industry.

Governing equations and chemical reaction
models

The governing equations are two-dimensional Euler equa-
tions implemented with chemical reaction kinetics. The
viscous and diffusion effects are neglected. There are four
detonation models used in this study, including three detailed
chemical reaction models and an overall one-step Arrhenius-
type model. Model-1 is a nine-species, nineteen-reaction
mechanism, which has modified reaction kinetics for high-
pressure combustion [24]. Model-2 is a nine-species, nine-
teen-reaction mechanism [25] and Model-3 is an eleven-
species, twenty-three-reaction mechanism [26]. Model-4 is
an overall one-step model [27—29]. The governing equations
and detailed reaction kinetics for these models can be found
in the references.

The problem geometry is shown in Fig. 1. The detonation
is propagating in a two-dimensional infinite long straight
tube. It is initiated by high temperature and high pressure
reactants at the left end and moves from left to right. The
computational domain moves with the detonation front in
order to reach the steady detonation state. The length-width
ratio of the computational domain is larger than six in order
to minimize the influences of boundary conditions on the
detonation front. The governing equations are numerically
solved using a three-order WENO scheme. The flux vector is
split by Steger and Warming's method and the time-
marching integration is performed using the three-order
TVD Runge-Kutta integration.

In the following parts, firstly, ignition delay times
of different models are studied. Then, the two-dimensional
detonation cellular structures are numerically simulated
with initial pressure P, = 0.1 MPa and initial temperature
To = 300 K. Finally, the key coupling mechanism between
shock dynamics and chemical reaction kinetics is analyzed.

Results and discussion

Ignition delay time is an important characteristic time scale of
chemical reaction kinetics. It's a function of temperature,
pressure and equivalence ratio. There are many different
ways to define the ignition delay time. In this study, the
definition of ignition delay time is based on the evolution of
the temperature as a function of time, T(t), and it is the time
when the largest temperature changing rate (dT/dt) occurs.
According to the one-dimensional ZND model, for a steady
C-J detonation, the detonation front can be divided into in-
duction zone and heat release zone. The reactants are heated
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Fig. 1 — The problem geometry.
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assumption are almost 1544 K and 2.77 MPa, respectively. In

fact, for the two-dimensional or three-dimensional cellular 10°
detonation, the temperature varies from 1300 K to 1500 K and
the pressure varies from 2.0 MPa to 3.0 MPa in the induction
zone.

Fig. 2 shows the ignition delay times predicted by the three
detailed chemical reaction models as a function of the initial
temperature. The initial pressures are 0.1 MPa, 1.0 MPa and
3.0 MPa, respectively. The ignition delay times at initial pres-
sure of 0.1 MPa are plotted in Fig. 2 (a). From this figure, we can
see that the temperature region can be divided into high-
temperature region and low-temperature region clearly.
There is a transition-temperature of about 1000 K (10,000/
T = 10) between them. At the high temperature region, the
ignition times change with temperature almost linearly under
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them becomes larger. In this paper, our attention is focused on
the ignition delay times in the high-temperature region which
pertains to detonation.

The ignition delay times at initial pressure of 1.0 MPa are
plotted in Fig. 2 (b). The temperature region can also be divided
into high-temperature region and low-temperature region.
But the transition-temperature moves to the left at a higher
value of about 1300 K (10,000/T = 7.69). The ignition delay
times in the high-temperature have the same characteristics
as that of 0.1 MPa. The values are one-order shorter than that ;
of 0.1 MPa because the ignition delay time is inversely pro- 10° fpemeeeeee L Y eI S
portional to the initial pressure at the same initial tempera-
ture. For instance, the ignition delay time at 1500 K is about
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From Fig. 2(c) we can see that at high initial pressure of (C) P0:3-0 MPa
3.0 MPa, these three models have different transition-
temperatures. When the initial temperature is higher than Fig. 2 — Comparison of ignition delay times predicted by

1500 K (10,000/T = 6.67), the ignition delay times of these three three detailed models.
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models becomes almost the same. When the initial temper-
ature is lower than 1500 K, the Model-2 and Model-3 have the
similar trends, but Model-1 is quite different at lower tem-
peratures because it has high-pressure modification in the
chemical reaction kinetics. As a result, the ignition delay
times of Model-1 at lower temperature are much shorter than
that of Model-2 and Model-3.

The ignition delay times simulated by different models and
the experimental results available in literature [30—32] are
compared in Fig. 3. The initial pressure of numerical simula-
tions is 0.1 MPa and the initial pressure of experiments is
0.2 MPa. In this figure, we can find that the ignition delay times
of Model-2 and Model-3 at higher temperature are close to the
experimental results which mean that the numerical results
are correct. The experimental results at lower temperature are
less linear than that of detailed models. The slope of one-step
model is larger than that of detailed models which means that
it is more sensitive to initial temperatures.

The ignition delay times predicted by other detailed
chemical reaction kinetic models at initial pressure of 1.0 MPa
found in literature are compared in Fig. 4. There is no exper-
imental result because it is rare at initial high pressures. We
can find that the ignition delay times are similar except
Model-1 and the overall one-step model. The ignition delay
time of Model-1 is much shorter than others at lower tem-
perature because of its pressure modification. The ignition
delay time of one-step model looks like a straight line. The
other models have different slopes in high-temperature re-
gion and low-temperature region. At 1500 K, the detailed
models have the similar ignition delay time of about 1 ps,
while the one-step model has the ignition delay time of about
4 pus.

From the above study, we also find that the one-step model
has two essential differences from the detailed models. The
first difference is that one-step model is a pressure-
independent model and its ignition delay time does not vary
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Fig. 3 — Comparison of ignition delay times predicted by
numerical simulations and measured in experiments at
0.1 MPa.

10 g
- = P-H model

10° = et K OShi MoOde]  [7oo oo e
S i Exic model
- chemkin

10 fgo--| m———— MpG1  |frsecrscssnsnrssnense gt snsisasssnnss s
8 s Model-2
N g Model-3

104 - —p—— Ome-step | A .

ignition delay time (us)
2

Ll s 47 A
1015— """""""""""""""""""""
10 P A
F P0=1.0 MPa
ol v 1
6 7 8 9 10 11 12 13

10000 (K)/T (K)

Fig. 4 — Comparison of ignition delay times predicted by
different chemical reaction models at 1.0 MPa.

with initial pressures. That means it has the same ignition
delay time at different initial pressures. The second difference
is that its ignition delay time is almost linearly proportional to
the reciprocal of initial temperature under the logarithmic
coordinate system without any transition-temperature. This
means that one-step overall model may not predict the cor-
rect deflagration to detonation transition.

Cellular structures of stoichiometric H,-Air mixture are
numerically simulated by using three detailed models and the
one-step model with initial pressure P, = 0.1 MPa and initial
temperature Ty = 300 K. The uniform mesh sizes are
Ax = Ay = 10 um or Ax = Ay = 20 um for different cases,
respectively. The computational domain width w is 2.00 mm
for detailed models, and w = 4.00 mm, 8.00 mm and 16.00 mm
for the overall one-step model.

Fig. 5 shows the cellular structures of three detailed
models. The cell size A is defined as the average width of all the
cells of the steady C-] detonation. The cell size A predicted by

(1) Model-1: Ax=Ay=10um, w=2.00mm, A=1.33mm

pReteteteteteted

(2) Model-2 :Ax=Ay=10um, w=2.00mm, A=1.33mm

b IRERCIRRRCS

(3) Model-3: Ax=Ay=10pm, w=2.00mm, A=0.80mm

Fig. 5 — Cellular structures simulated by three detailed
models.
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Model-1is 1.33 mm, A = 1.33 mm for Model-2 and A = 0.80 mm
for Model-3. However, the widths of the cells observed in the
experiments are 8 mm—15 mm [33]. The numerical simulation
result is about one order of magnitude smaller than the
experimental results. In fact, for most of the chemical models,
the cell sizes were at least more than 2 times smaller than
experimental values [23].

Fig. 6 shows the pressure contours of detonation simulated
by the one-step overall model and the cellular structures
simulated by this model are shown in Fig. 7. Four kinds of
domain sizes and grid scales are investigated in order to
guarantee that the numerical results are independent of nu-
merical algorithm. When w = 4.00 mm, we get half a cell in the
direction perpendicular to the direction of the detonation
propagation, and when w = 8.00 mm, we get a complete cell.
When w is increased to 16.00 mm, two complete cells appear

400
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200 |y
LAY

(2) Ax=Ay=10u

p=

400

800
600
400

200

s00

m, w=8.00mm

in the computational domain. The numerical results are in-
dependent of domain sizes and grid scales. The average cell
size is 6.0 mm—8.0 mm for all these three cases, which is
consistent with experiment data quantitatively [33].

The average cell size predicted by the one-step model is
bigger than those predicted by three detailed models. In
addition, the ignition delay times predicted by the one-step
model are longer than that predicted by detailed models at
the same initial temperature and high pressure. From this
study, we first find that the longer the ignition delay times are,
the bigger the cell sizes are. The chemical reaction kinetics
plays a very important role in the detonation cell size simu-
lation. And in return, the cell size is a good representation of
the chemical reaction kinetics. In the following part, we will
discuss how the chemical reaction kinetics influences the
detonation cell size.

26.4286
22.8571 P (atm)
19.285 Qa

15.714
12.1429

1000 1500

X

(4) Ax=Ay=20um, w=16.00mm, two pairs of triple-wave points

Fig. 6 — Pressure contours of detonation front simulated by overall one-step model.
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Fig. 7 — Gellular structures simulated by the one-step
model.

When the detonation propagates, the trajectories of triple-
shock points produce the cellular structures. The period of the
movement of triple-shock point is defined as the duration
from the first collision of a pair of triple-shock point to the
next collision of them in this study. According to this defini-
tion, a complete cell is produced in two complete periods of a
pair of triple-shock point. The period of triple-shock pointis a
characteristic time scale of shock dynamics.

Fig. 8 shows a sequent of the movement of three pairs of
triple-shock point of Model-3 by means of cellular structures
as an example. The detonation is propagating from left to

==

%%

right. The trajectories show the way that three pairs of triple-
shock points passed. The interval of each frameis 0.5 ps. In the
frame (a), the triple-shocks collide, and in the frame (d), two
complete cells are produced for these triple-shock points. The
red cycle shows the triple-wave points. We can find that at
frame (d), two complete cells are produced in front of the red
cycle. In this case, the period of triple-shock points is about
0.38 ps. In addition, the ignition delay time predicted by
model-1 at 1500 K and 2.5 MPa is about 0.50 us, which is close
to the period of triple-shock points. The numerical results
predicted by Model-1 and Model-2 also come to the same
conclusion.

The movement of a pair of triple-shock point simulated by
the overall one-step model is shown in Fig. 9. The interval of
each frameis 1.0 us. In this case, the cycle of this movement is
about 3.5 ps. The ignition delay time of this model at 1500 K is
3.46 ps. The average movement period of triple-shock points is
equal to the ignition delay time of gas in the induction zone
behind the incident shock wave.

The numerical results are summarized in Table 1. From
Table 1, we can find that the period of triple-shock points
almost equals to average ignition delay time of the gas in the
induction zone. The movement period of triple-shock point
represents the shock dynamic of detonation. The ignition
delay time is considered as the chemical reaction kinetics of
detonation. The shock dynamics and chemical reaction are
coupled by these two characteristic times, which maintains
the self-sustained propagation of C-J detonation.

In addition, we also find that the transverse velocity of the
triple-wave points is about half the H,-air detonation veloc-
ity of 1950 m/s. This speed is almost equal to the sound speed
of the detonation products of about 1100 m/s, which is about
1/2Dgy. It is also very close to the sound speed of reactants in
the inductions zone which is about 900 m/s. This means that
the transverse wave is a weak shock wave of about M1.2
propagating in the induction zone transversely and burning
the reactants in the induction zone which is preheated by
the incident shock wave. The average speed of transverse
wave being about 1/2 D¢y also indicates that the acute
angle of the detonation cell is about 60°, which is shown in
Fig. 10.

From the above discussion, we can obtain an equation to
estimate the width of the detonation cell size:

e

Fig. 8 — Movement of triple-shock points of Model-3 shown by cellular structures.
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(8 ()

Fig. 9 — Movement of triple-shock points of one-step model showed by cellular structures.

Table 1 — Key parameters of H,-Air detonations.

Model Ignition delay time at 2.5 Period of triple-shock Average cell size Average speed of
MPa and 1500 K (us) points (us) (mm) transverse wave (m/s)

1 0.65 + 0.1 0.60 + 0.1 133 +0.1 1108 + 30

2 0.52+0.1 0.60 +0.1 1.33+0.1 1108 + 30

3 0.50 + 0.1 0.38 + 0.1 0.80 +0.1 1052 + 30

One-step 3.46 + 0.1 3.50 £ 0.1 8.00 + 0.1 1142 + 30



http://dx.doi.org/10.1016/j.ijhydene.2016.06.038
http://dx.doi.org/10.1016/j.ijhydene.2016.06.038

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 11900—11908

11907

Fig. 10 — Diagram of detonation cells.

1
W:Z(ng X EDC}> =T1i9 X Dg (1)
where, W is the average width of a detonation cell, 7j, is the
ignition delay time of the reactants under the conditions in
the induction zone and D is the CJ detonation velocity.

Conclusions

In this paper, two-dimensional numerical simulations were
conducted to study the key mechanism of self-sustained H,-
Air detonation. Four detonation models were used, one is a
modified one-step overall model and the other three are
detailed chemical reaction kinetic models. The numerical re-
sults show that different chemical kinetic models have
different ignition delay times and the differences are even
more than one-order. The ignition delay time in the induction
zone is a very important parameter which controls the
movement of triple-shock points. The longer the ignition delay
time is, the bigger the cell size will be. The average ignition
delay time in the induction zone equals to the average period
of triple-shock point movement. The shock dynamics and
chemical reaction kinetics of gaseous detonation is closely
coupled by these two important characteristic time scales,
which keeps the self-sustained propagation of detonation.
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