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In explosion accidents, inert layer(s) can be used to dampen or suppress detonation propagation. In detonation
engines, the detonation may propagate in an inhomogeneous mixture with inert layer(s). Here, the detonation
propagation in hydrogen/oxygen/nitrogen mixtures with a single inert layer normal to the detonation propagation
direction was investigated. Six hydrogen/oxygen/nitrogen mixtures with different amounts of nitrogen dilution and at
different initial pressures were considered. The emphasis was placed on assessing the effects of nitrogen dilution and
pressure on detonation across an inert layer. It was found that successful detonation reinitiation occurs only when the
inertlayer thickness is below some critical value. The detonation reinitiation process was analyzed. The interactions of
transverse waves, the reactive—inert layer interface, and instabilities jointly induced local autoignition/explosions and
detonation reinitiation. Counterintuitively, it was found that a thicker inert layer is required to quench a weaker
detonation (with more nitrogen dilution or with lower-energy density at lower pressure). With the increase of nitrogen
dilution or the decrease of initial pressure, the induction length and cell size of the detonation became larger, which
unexpectedly resulted in the larger critical inert layer thickness.

I. Introduction

S A zero-carbon-emission fuel, hydrogen has recently drawn
significant attention due to its promising applications in energy
storage and energy conversion [1]. Great effort has been devoted to
investigating the properties of hydrogen flames and detonations
(e.g., Refs. [2-8]). However, there is still severe safety concern for
hydrogen storage and utilization because hydrogen is easily ignited
[9-11]. It is well known that accidental explosion can cause
extremely severe damage if detonation occurs. One way to reduce
the damage is to dampen or suppress detonation propagation in
combustible gases using inert zones or inert layers. Transition of
detonation across an inert region might induce detonation quenching
and reinitiation. Besides, hydrogen is popularly used in rotating
detonation engines (RDEs). In RDEs, hydrogen and air may not be
perfectly mixed; and a burned mixture can appear in front of the
detonation front. Therefore, understanding detonation propagation
and quenching in inhomogeneous hydrogen/oxygen/diluent mix-
tures is of crucial importance for controlling explosion and develop-
ing detonation engines. In the literature, there are many studies on
detonation propagation in inhomogeneous mixtures (see Ref. [12]).
In this work, we specifically focus on the transition of gaseous
detonation across a single inert layer normal to the detonation propa-
gation direction in different hydrogen/oxygen/nitrogen (H, /O, /N,)
mixtures.
There are several experimental or numerical studies on/related to
detonation propagation across a single or multiple inert layers.
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For example, Teodorczyk and Benoan [13] studied detonation reini-
tiation after the interaction of detonation with an inert zone. Bull et al.
[14] investigated detonation propagation in ethylene/air and propane/
air mixtures with an inert zone consisting of pure air. They measured
the critical size of the inert zone and the transition distance for
detonation reinitiation. Bjerketvedtetal. [15] conducted experiments
on detonation reinitiation across a single inert region and assessed
different factors affecting the detonation reinitiation. Tropin and
Bedarev [16] investigated numerical detonation suppression by an
inert layer with different inert gases. They found that carbon dioxide
is more efficient for suppressing the detonation wave than nitrogen
and argon. Tang-Yuk et al. [17] simulated detonation transmission
across an inert layer and found that the critical inert layer thickness for
the two-dimensional (2-D) case was one order larger than that for the
one-dimensional (1-D) case. In a recent study by Wang et al. [18],
detonation propagation across multiple inert layers was simulated
and a double cellular structure was observed and interpreted. The size
of the large cellular structure was found to be linearly proportional to
the inert layer spacing.

Although detonation propagation across an inert layer(s) was
investigated in the aforementioned studies, the reinitiation mecha-
nism and the dependence of critical inert layer thickness on mixture
composition and thermal conditions are still not well understood.
This motivates the present study, for which the objectives are two-
fold: 1) to interpret the mechanism and critical condition for deto-
nation reinitiation after it is quenched by an inert layer, and 2) to
assess the effects of nitrogen dilution and pressure on detonation
across an inert layer. We shall consider detonation propagation in
different H, /O, /N, mixtures with a single inert layer normal to the
detonation propagation direction. A single inert layer instead of
multiple inert layers is considered here so that complicated inter-
actions between detonation and multiple inert layers are prevented,
and thereby the detonation reinitiation mechanism can be clearly
interpreted. Both 1-D and 2-D simulations are conducted. Detailed
chemistry is considered in all simulations.

In the following sections, the model and the numerical methods are
introduced first. Then, the results from 1-D and 2-D simulations are
presented, and detonation reinitiation as well as its dependence on
dilution and pressure are discussed. Finally, the conclusions are
summarized.
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Fig. 1 Schematic of the initial pressure and hydrogen mass fraction
distributions.

II. Model and Numerical Methods

The model is depicted in Fig. 1. The detonation propagates into a
static, homogeneous, stoichiometric H, /O, /N, mixture, which is
separated by an inert layer of pure nitrogen. The inert layer starts at
x = 0 cmandends atx = a. The Zel’dovich-von Neumann-Doering
(ZND) detonation structure with the induction length of /; is used to
initiate the detonation propagating to the right side. For the 2-D case,
the detonation cellular structure fully develops before the detonation
enters the inter layer.

The detonation is quenched after entering the inert layer, and the
leading shock is attenuated during its propagation across it. When the
inert layer thickness is below some critical value, denoted as a.., the
detonation can be reinitiated by the transmitted shock. The critical inert
layer thickness a.. is expected to be related to the induction length /;
and the detonation cell size A, respectively, for 1-D and 2-D detona-
tions. Note that the induction length and the cell size are obtained,
respectively, from the present 1-D and 2-D simulations. To change /;
and A, we considered different stoichiometric H, /O, /N, mixtures (for
which the molar ratio is H, : O, : N, = 2:1:s) with different amounts
of N, dilution of s = 3.76, 5, 6, and 7 and at different initial pressures
of Py = 15,30 and 60 KPa (see Table 1).

Table 1 lists six mixtures considered in this work. The induction
length /; and detonation cell size A for these mixtures are also listed in
Table 1. The induction length is defined as the distance from the
leading shock wave to the position where maximum thermicity
appears. The cell size is the vertical length of the regular detonation
cell structure. As expected, Table 1 shows that increasing nitrogen
dilution and reducing initial pressure can both greatly increase the
induction length and detonation cell size.

The in-house codes A-SURF [19,20] and AMROC [21,22] were
used to simulate 1-D and 2-D detonations propagating across an inert
layer, respectively. Both codes solve the Navier—Stokes equations for
unsteady, compressible, multicomponent, reactive flow using the
finite volume method. The Harten—Lax—van Leer contact (HLLC)
or hybrid Roe-Harten—-Lax—van Leer (HLL) Riemann solver for
mixtures of thermally perfect gases was used to calculate the con-
vective fluxes. The second-order-accurate central difference scheme
was used for multispecies diffusion terms. The detailed kinetic model
for hydrogen oxidation developed by Li et al. [23] was used in all
simulations. The CHEMKIN package was employed to evaluate the
reaction rates and thermodynamic properties. Both A-SURF and
AMROC have been successfully used in previous studies on deto-
nation propagation (e.g., Refs. [24-30]). The details on the governing
equations, numerical methods, and code validation of A-SURF
and AMROC can be found in Refs. [19-21], and are thereby not
repeated here.

Table1 Composition, initial temperature and
pressure, induction length, and detonation cell size
of six mixtures

No. H,:0,:N, T4, K Py, kPa [, mm A, mm
1 2:1:3.76 300 15 1.49 12

2 2:1:5 300 15 222 143
3 2:1:6 300 15 3.08 20

4 2:1:7 300 15 4.31 25
5
6

2:1:7 300 30 2.23 133
2:1:7 300 60 1.29 75

Transmissive boundary conditions were used for the left and right
sides in both 1-D and 2-D computational domains. Periodic boundary
conditions were used for the top and bottom sides in the 2-D simu-
lations. Therefore, the effects of any boundary layer and its inter-
action with shock waves were not considered here. Note that, in
practice, detonation propagates in a finite domain with physical
confinement rather than in an infinite domain with periodic boundary
conditions. This study focused on the effect of single inert layer, and
therefore the confinement effect was not considered here for sim-
plicity. In future works, it would be interesting to take into account the
confinement effect.

The length and width of the computational domain are large
enough for detonation propagation and formation of a steady cellular
structure. To accurately and efficiently resolve the transient process, a
dynamically adaptive mesh refinement was used in both 1-D and 2-D
simulations. Mesh refinement is based on local gradients of temper-
ature, density, and pressure. The finest mesh size is 7.8 pym. Because
the smallest induction length is /; = 1.29 mm, there are more than
165 grid points within one induction length. Our numerical tests
indicated that the conclusions remained the same when the finest
mesh size was halved. Compared to the present work, some studies
[31,32] showed that the relatively coarser mesh resolutions were able
to adequately capture the detonation wave dynamics in detonation
engines.

III. Results and Discussion

Both 1-D and 2-D simulations were conducted. In practice, the
detonation propagation process is intrinsically multidimensional.
Therefore, the 1-D simulation cannot reveal the real dynamics of
the detonation wave. Nevertheless, the 1-D simulation is still helpful
in understanding the coupling between the lead shock and the reac-
tions, at least in a qualitatively manner. Therefore, the results from the
1-D simulation are first presented and discussed in the following.

A. One-Dimensional Detonation Propagation

First, we considered 1-D detonation propagating across an inert
layer for the six mixtures listed in Table 1. Only the results for mixture
1 and mixture 4 are shown in Fig. 2. The vertical dashed lines
represent the left and right boundaries of the inert layer at x = 0 and
X =a.

In simulation, the shock position is determined based on the maxi-
mum pressure gradient, and the shock speed is obtained via numerical
differentiation of the shock position with respect to time. Figure 2a
shows that the shock speed decays rapidly after it enters the inert layer
starting at x = 0 cm. Within the inert layer, the shock speed decreases
from the Chapman-Jouguet (CJ) detonation speed D¢y = 1695 to
1578 m/s (i.e., 0.93D¢;) for ¢ =5mm and to 1521 m/s
(i.e., 0.90D¢y) for a = 8 mm, respectively. Successful detonation
reinitiation is achieved only for a = 5,6, and 7 mm. Similar to the
directdetonation initiation observed in previous studies (e.g., Refs. [33—
35]), for successful detonation reinitiation, an overdriven detonation
develops after a rapid decrease in the leading shock speed. Then, the
overdriven detonation decays toward the CJ detonation. With the
increase of inert layer thickness, the position for successful detonation
reinitiation and the maximum speed of the overdriven detonation both
become larger. However, further increasing the inert layer thickness to
a = 8 mm results in the failure of the detonation reinitiation, and
thereby continuous decay of the leading shock speed. This is because
the strength of the transmitted shock becomes too weak to trigger local
autoignition and overdriven detonation afterward for relatively large
inert layer thickness. The aforementioned evolution of the leading
shock speed is consistent with the idealized detonation reinitiation
process across an inert layer presented in Ref. [13].

Similar results are observed in Fig. 2b for mixture 4. Compared to
mixture 1, mixture 4 has much higher N, dilution, and thereby
weaker detonation strength. However, Figs. 2a and 2b show that
the critical inert layer thickness of mixture 4 is larger than that for
mixture 1. This is counterintuitive because a weaker detonation is
expected to be quenched by a thinner inert layer. Table 1 shows that
the induction lengths of mixture 1 and mixture 4 are, respectively,
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Fig. 2 Change of the leading shock speed with its position for mixtures 1 and 4.
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Fig. 3 Temporal evolution of temperature and pressure distributions as well as leading shock speed.



Downloaded by Peking University on March 29, 2023 | http://arc.aiaa.org | DOI: 10.2514/1.J062397

WANG ET AL. 1543

propagation; zone II denotes detonation quenching in the inert layer;
zone III denotes shock attenuation; zone IV-1 denotes first auto-
ignition; zone IV-2 denotes second autoignition; zone V denotes
development of overdriven detonation; and zone VI denotes transi-
tion to steady detonation propagation. In Fig. 3, A; represents the first
autoignition, A, represents the second autoignition, and D represents
detonation.

Figure 3a shows that for mixture 1 with @ = 7 mm (corresponding
to the blue line in Fig. 2a), after entering the inert layer, shock—
reaction decoupling is observed at £ — 1 = 5.4 us (line 2 in Fig. 3a).
Here, 1 represents the time when the detonation enters the inert layer
atx = 0 cm. The distance between the leading shock and the reaction
front further increases and reaches its maximum value of 14.1 mm at
t — 1 = 29.2 us (line 4), which is one order larger than the induction
length of /; = 1.49 mm for mixture 1. Moreover, the peak pressure
continuously decreases as the transmitted shock propagates down-
stream of the inert layer, which corresponds to continual attenuation
of the leading shock speed after it passes across the inert layer.
However, around ¢—1t° = 41 us (line 5), the first autoignition
(A1) occurs and induces a rapid increase in both peak pressure and
leading shock speed. At t—t° = 64.6 us (line 7), the secondary
autoignition (A2) happens. Consequently, detonation reinitiation is
achieved and the leading shock speed abruptly accelerates at t — {© =
72.3 us (line 8). The overdriven detonation forms and its peak
pressure is around 6 atm, which is much higher than the pressure
of the von Neumann spike of Py = 3.9 atm. At¢ — £° = 95 us (line
10), the detonation is fully developed.

When the inert layer thickness is increased to a = 8 mm for
mixture 1 (red line in Fig. 2a), Fig. 3b shows that the distance between
the leading shock and the reaction front reaches 24.7 mmat t — {© =
49.9 us (line 5 in Fig. 3b), which is much larger than 14.1 mm for
mixture 1 with ¢ = 7 mm, shown in Fig. 3a. Although autoignition
occurs behind the leading shock at t — 1* = 67 us (line 6), the auto-
ignition induced reaction front cannot couple with the leading shock.
Consequently, there is no detonation reinitiation and the detonation is
quenched by the inert layer.

‘When the nitrogen dilution is increased to s = 7 (mixture 4) while
the inert layer thickness is still @ = 8 mm (green line in Fig. 2b), the
overall processes are similar to those in Fig. 3a and detonation
reinitiation occurs. Different from the result for mixture 1 with
a = 8 mm, Fig. 3c shows that the autoignition occurs at t — * =
55.4 us (line 6 in Fig. 3c). The autoignition-induced reaction front
accelerates and couples with the leading shock at t — 1© = 84.4 us
(line 9). This is because the leading shock speed is relatively small as
compared to that for mixture 1, and thereby the reaction front can
catch up with the leading shock more easily. Besides, the autoignition
position is close to the leading shock, and their distance is around
6.1 mm, which is close to the induction length of /; = 4.31 mm for
mixture 2. Consequently, for the same inert layer thickness of
a = 8 mm, successful detonation reinitiation occurs in mixture 2,
which has higher dilution and longer induction length than mixture 1.

As depicted in Fig. 3a, there is a transition distance /, after which
the overdriven detonation develops. The transition distance is defined
as the distance between the position where the inert layer starts to
appear and the position where the sharp increase of shock speed
occurs (i.e., the overdriven detonation develops). Figure 4 summa-
rizes the change of the transition distance with the inert layer thick-
ness from 1-D simulations, in which the dashed vertical lines
correspond to the critical inert layer thickness. The transition distance
is shown to increase with the inert layer thickness for both mixtures 1
and 4, which is consistent with experimental results in Ref. [15]. For
larger inert layer thickness, the transmitted shock after the inert layer
becomes weaker. Consequently, a longer transition distance is
needed to induce autoignition in the unburned mixture compressed
by the transmitted shock and to achieve successful detonation reini-
tiation. Moreover, Fig. 4 shows that nitrogen dilution slightly
increases the transition distance, whereas it greatly increases the
critical inert layer thickness from a, = 7 mm for mixture 1 to a, =
10 mm for mixture 2.

200

I, (mm)

Fig.4 Change of transition distance with the inert layer thickness from
1-D simulations.

In summary, the aforementioned 1-D results demonstrate that N,
dilution increases the critical inert layer thickness. Similarly, the
results on mixtures 4-6 (not shown here) indicate that the critical
inert layer increases as the pressure decreases. This is because
increasing N, dilution and reducing initial pressure both can increase
the induction length (see Table 1), and thereby affect detonation
propagation across an inert layer.

B. Two-Dimensional Detonation Propagation

Then, we considered the 2-D detonation propagating across an
inert layer. Six mixtures with different amounts of N, dilution and/or
at different initial pressures (see Table 1) were all considered,
although the results for mixtures 1 and 4 are mainly discussed here.

Figure 5 shows the numerical soot foils (which are obtained
by recording the maximum pressure history in the computational
domain) for mixtures 1 and 4 and two inert layer thicknesses. Regular
cellular structure is fully developed, and the peak pressure approaches
to constant before the detonation enters the inert layer starting at
x = 0 cm(Ax = 150/;). After entering the inert layer, the pressure
at the triple points decreases substantially, indicating that the reaction
front starts to decouple with the leading shock. After passing the inert
layer, the shock waves decay greatly and some triple points disappear,
resulting in the formation of larger cells as shown in Fig. 5. A similar
trend was also observed in Ref. [17]. For mixture 1 with the inert layer
thickness of @ = 7 mm, Fig. 5a shows that the peak pressure of
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0
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6
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0
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Fig. 5 Numerical soot foils for mixtures 1 and 4.
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cellular structures decays rapidly and the triple points almost disappear
for 0 < x < 6 cm. Around x = 9 cm, local explosions occur and the
peak pressure increases and reaches 21 atm. Detonation reinitiation
happens and cellular structures with a relatively small size appear.
Then, the cell size gradually increases; finally, the quasi-steady propa-
gation is reached. When the inert layer thickness is increased to
a = 10 mm, Fig. 5b shows that the detonation quenches after passing
the inert layer and there is no detonation reinitiation. As nitrogen
dilution increases (from mixture 1 with H,:O,:N, =2:1:3.76 to
mixture 4 with H, : O, : N, = 2:1:7), the cell size increases and the
peak pressure of the cellular structure decreases as detonation prop-
agates across inert layer. This indicates that detonation quenches.
Thereafter, successful detonation reinitiation is achieved by local
explosions occurring around x = 11 cm. Therefore, Fig. 5 indicates
that the increase in nitrogen dilution results in larger critical inert layer
thickness. This trend is the same as was observed for the 1-D case.
To show more details on detonation quenching and reinitiation
processes, the evolution of temperature contours is plotted in Fig. 6,
in which SRD denotes the shock-reaction front decoupling, SRC
denotes the shock—reaction front coupling, and E denotes explosion.
The mixtures and inert layers are the same as those in Fig. 5. The

T« R .

¢) Mixture 4, a=10 mm

Fig. 6 Evolution of temperature contours for mixtures 1 and 4.
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explosion
wedge

detonation enters the inert layer (dashed line at x =0 cm) at
t — ty = 0 us. Before entering the inert layer, in the regular cellular
structure, there is a relatively larger induction zone immediately after
the incident shock because it is as weaker compared to the Mach
stem. The “unburned pockets” in these induction zones are brought
into the inert layer and are consumed there by chemical reactions
afterward. The transmitted shock compresses the flammable mixture
on the right side of the inert layer and increases its temperature to be
above 1000 K, which induces local autoignition/explosion. Detona-
tion reinitiation depends on whether an autoignition-induced reaction
front couples with the transmitted shock. A comparison between
Figs. 6a and 6b shows that the wider the inert layer, the longer the
distance between the reaction front and the leading shock. Conse-
quently, detonation reinitiation fails for the case with a thicker inert
layer. For mixture 4 with @ = 10 mm, Fig. 6¢c shows that the local
autoignition-induced reaction front is able to couple with the leading
shock, which results in successful detonation reinitiation.

To further demonstrate the autoignition process, Fig. 7 plots the
evolution of the enlarged density gradient, pressure, and temperature
contours for mixture 1 with @ = 7 mm at ¢ — ty = —4 us (top row),
41 ps (middlerow), and 56 us (bottomrow). In Fig. 7, M stands for the
Mach stem,  stands for incident shock, T stands for transverse wave, R
stands for Richtmyer—Meshkov instability, A stands for autoignition,
and E stands for explosion. At t — % = —4 us (i.e., before the deto-
nation enters the inert layer), the triple points consist of the incident
shock 7, the Mach stem M, and the transverse wave 7. The reaction
zone couples with the leading shock. As the detonation propagates
across the inert layer, the leading shock collides with the interface
between flammable H, /air and inert nitrogen twice, which induces
Richtmyer—-Meshkov (RM) instabilities, R; and R,, as indicated in
Fig. 7 (see the density gradient contour at ¢t —° = 41 us). After
interacting with the interface, the incident leading shock splits into
the transmitted and reflected shocks [14]. Besides, the density and
acoustic impedance of the inert nitrogen are different from those of an
H, /air mixture, which changes the shock strength [36]. As shown by
the temperature contour at f — f° = 41 pus, the reaction zone fully
decouples with the leading shock and the distance between the reaction
zone and the leading shock is much larger than the induction length.
The wrinkled reaction frontis induced by RM instabilities. Meanwhile,
the interaction of transverse waves 7’| and T, and the RM instability R,
results in the folding or superimposition of shock waves, which forms a
local maximum of pressure and temperature, and thereby induces the
autoignition A; and subsequent explosion E, at t — 1 = 41 us. The
local explosion interacts with the transverse wave T, which induces
new autoignition A, and local explosion E, at t —° = 56 us, as

| - a
300 1200 2100 3000

Fig. 7 Evolution of density gradient, pressure, and temperature contours for mixture 1 with ¢ = 7 mm (RZ = reaction zone).
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shown in Fig. 7. Local explosions spread over the entire domain and a
global explosion forms (see Fig. 6a). Finally, successful detonation
reinitiation is achieved for this case.

The preceding results demonstrate that when the inert layer thick-
ness is below some critical value, successful detonation reinitiation is
achieved after a transition process. To obtain the critical inert layer
thickness a.., detonation propagating across a single inert layer with
different thicknesses is simulated. The results for mixture 1 are shown
in Fig. 8.

The results for a homogenous mixture withoutinert layer (i.e.,a = 0)
are shown in Fig. 8 for comparison. For a = 2 mm, the inert layer has
little influence on detonation propagation. The only difference is that the
pressure at triple points slightly decreases after the inert layer. The
cellular structure remains nearly the same as that for a = 0. When
the inert layer thickness is increased to a = 5 mm, Fig. § shows that
there is an obvious transition process: during which, both the number of
triple points and the peak pressure decrease. For a = 7 and 8 mm, the
cellular structures fully disappear during the transition process. For
a = 10 mm, the detonation quenches without reinitiation. Note that
the result for @ = 10 mm is independent of the computational domain
length: detonation failure still occurs when the domain is extended.

Figure 8 indicates that the transition distance increases with the
inert layer thickness. The transition distance from 2-D simulations /,
is plotted in Fig. 9, which shows that /, for the 2-D case is smaller than
that for the 1-D case. This is because multidimensional effects
(e.g., transverse waves and their interaction as shown in Fig. 7) can
promote local autoignition and detonation reinitiation. Figures 4 and
9 show that the critical inert layer thicknesses are 7 and 8 mm,
respectively, for the 1-D and 2-D cases in mixture 1; and they are
10 and 20 mm, respectively, for 1-D and 2-D cases in mixture 4. This

y (cm) y (cm) y (cm) y (cm) y (cm)

y (cm)

0 4 8 12 16
X (cm)

f) a=10 mm failure

Fig. 8 Numerical soot foils for mixture 1 with different inert layer
thicknesses.

300 ]

- mixture 4 !

— 200 \
E B 1
E T !
100 - !

i : a_;=20 mm!

0 _\ [ R B : TR I T T N A M N B | :
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Fig.9 Change of transition distance with the inert layer thickness from
2-D simulations.

is because in the 1-D case, only the transmitted normal shock helps to
induce detonation reinitiation; whereas in the 2-D case, the interac-
tion among the Mach stem, the transverse wave, and the incident
shock wave greatly promotes local autoignition/exposition, and
thereby enhances detonation reinitiation. Besides, from Fig. 9, we
observed that the differences for both the transition distance and the
critical inert layer become larger as the amount of N, dilution
increases (from mixture 1 in red lines to mixture 4 in blue lines).
This indicates that the effects of the transverse wave on detonation
transmission increase with the amount of N, dilution.

The preceding results show that nitrogen dilution increases the
critical inert layer a,.. Similarly, decreasing the initial pressure also
increases a.. Figure 10 shows a,. as a function of detonation cell size
for the six mixtures listed in Table 1. The line is a linear fit. Because the
density of the inert layer is different from that of the reactive mixture,
there is a change in shock impedance. We introduce an artificial inert
mixture, H, * /O, % /N,*, which has the same thermal properties and
acoustic impedance as the reactive H, /O, /N, mixture. Figure 10 also
shows the results for an inert layer consisting of an artificial inert
mixture, H,*/O,%/N,*. With the increase of nitrogen dilution
(i.e., mixture 1 — 2 — 3 — 4 in Fig. 10) or the decrease of initial
pressure (i.e., mixture 6 — 5 — 4), both the critical inert layer thick-
ness and the detonation cell size increase. Therefore, the critical inert
layer thickness is positively correlated to the detonation cell size or
detonation induction length. Similar to the 1-D case, the aforemen-
tioned 2-D results also demonstrate that for a larger cell size or
induction length resulting from the higher nitrogen dilution or lower
initial pressure, the self-sustained detonation can propagate under the
condition in which the reaction zone is relatively away from the leading
shock. This is the benefit of detonation propagating across an inert
layer, and thus the larger critical inert layer thickness is obtained.
Besides, Fig. 10 shows that the critical inert layer thickness for the
inert layer with the artificial mixture H, % /O, * /N, is close to that

30 pmixture 15234 increasing N, dilution
rmixture 6—>5—4: decreasing pressure
25F X H:Op:N, ;
r O N,
—~ 20
E r
< 15} 2
NQ r
10E mixture 1
5:—6
NS [T S N N IS S N SO S (S S SO S S |
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Fig. 10 Critical inert layer thickness and cell size for mixtures listed in
Table 1.
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for an inert layer of pure nitrogen. Therefore, the change of acoustic
impedance across the inert layer has little influence on detonation
transition, at least for the cases consider in this work.

In the present work, the cell size based on the detailed chemistry [23]
is much smaller than the measured values in the experiments [37].
However, the qualitative relationship between the critical inert layer
thickness and the cell size/induction length can be obtained. Besides,
the present work only conducted 1-D and 2-D simulations; three-
dimensional (3-D) cases will allow additional interaction among shock
waves.

IV. Conclusions

Detonation propagation across an inert layer was investigated
through one- and two-dimensional simulations considering detailed
chemistry for stoichiometric H, /O, /N, mixtures. Six mixtures with
different amounts of nitrogen dilution and at different initial pressures
were considered. This work focuses on assessing the effects of an inert
layer on detonation transmission, especially the autoignition/explosion
and detonation reinitiation processes. After the detonation enters the
inert layer, the reaction front starts to decouple from the leading shock,
and some triple points disappear. The cellular structures fully disappear
if the inert layer thickness is large enough. Successful detonation
reinitiation occurs downstream when the inert layer thickness is below
some critical value, i.e., a < a.. The interaction of transverse waves,
the reactive—inert layer interface, and the instabilities jointly induce
local autoignition/explosion and detonation reinitiation.

The nitrogen dilution and initial pressure greatly affect the deto-
nation propagating across the inert layer. The critical inert layer
thickness was found to be positively correlated to the detonation cell
size or induction length. With the increase of nitrogen dilution or
decrease of initial pressure, the induction length and cell size of
detonation become larger, which unexpectedly results in the larger
critical inert layer thickness. Therefore, counterintuitively, a thicker
inert layer is required to quench a weaker detonation (with more
nitrogen dilution or with lower-energy density at lower pressure).
Moreover, the critical inert layer thickness for the 1-D case was found
to be lower than that for the 2-D case because interaction among
shock waves occurring in the 2-D case rather than the 1-D case
promotes local autoignition/exposition.

It is noted that the simplified model considered here is far from the
practical cases using inert layers to quench detonations. For example,
the inert gas is not static, and it mixes with the flammable gases. The
present mixture has a regular detonation cell structure. For detona-
tions with an irregular cell structure, the reinitiation after passing an
inert layer might be easier. These need to be explored in future
studies. Besides, periodic boundary conditions in the direction nor-
mal to the detonation propagation were used in this study. As men-
tioned before, in practice, the detonation propagates in a finite
domain with physical confinement. Therefore, in future works, it
would be interesting to take into account the confinement effect.
Furthermore, there exists the third dimension that allows additional
interaction among shock waves. The effects of inert layers on deto-
nation propagation need to be studied through 3-D simulations in
future works. Besides, in real propulsion systems, there is strong
turbulence that might affect the detonation structure (e.g., to broaden
the reaction zone) as well as the inert layer. Consequently, the
interaction between the detonation and the interlayer is affected by
the turbulence. The dependence of the critical inert layer thickness
and detonation reinitiation on the turbulence intensity needs to be
investigated in future works.
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