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Abstract—The wide scatter of the values of the measured detonation cell size in fuel + air mixtures restricts
the applicability of this parameter in the estimation of the geometric limits of detonation propagation, includ-
ing in rectangular channels whose height is much larger than their width. The critical channel height for the
propagation of detonation has been experimentally determined for hydrogen + air, propane + air, and
ethylene + air mixtures. In order to reveal the specific features of the propagation and decay of detonation in
a narrow channel, numerical simulation has been carried out for a hydrogen + air mixture with account taken
of the cellular structure of the detonation wave.
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INTRODUCTION
The problem of predicting emergency scenarios

remains topical because of the increasing use of com-
bustible gases in energy production and in the chemi-
cal industry. In addition, there have been persistent
attempts to make use of detonation in the limited
space of the combustion chambers of various engines.
One of the parameters allowing the behavior of a com-
bustible mixture to be predicted is the critical size
(cross-sectional area) of the channel through which
detonation still can propagate. It was suggested earlier
that the critical channel size be estimated using empir-
ical correlations between this parameter and the trans-
verse dimension of the detonation cell, λ. For a cylin-
drical channel, the critical detonation propagation
diameter is approximately λ/π. This relationship has
been experimentally verified to within the λ determi-
nation uncertainty [1]. In this case, spin detonation
propagates in the channel and λ is the transverse
dimension of the cell in the stationary detonation wave
propagating along the cylindrical channel. The diam-
eter of the channel in which λ is determined should be
sufficiently large for the cell size to depend only on the
mixture composition and initial pressure. This is typi-
cally the case at diameters such that the detonation
velocity is diameter-independent. Based on hydraulic
analogy for variously shaped channels, Vasil’ev [2]
concluded that the critical value of the side length for
a square channel is λ/π as well. The cross-sectional
area of a rectangular channel is determined by its

width l and height h. At l/h  1, the channel can be
characterized by its height h alone.

Although the above relationships are suitable for
rough estimation of the safe channel size, a more pre-
cise determination method, preferably a one that does
not involve the parameter λ, is needed for practical
applications and for the validation of computational
codes. For combustible gas + air mixtures, the λ deter-
mination accuracy is not always sufficient for correla-
tion formulas, because detonation has an irregular cel-
lular structure [3]. This circumstance, along with the
wide variety of methods of surface preparation for
observing triple point trajectories, leads to a wide scat-
ter of measured cell size values. By way of illustration,
we show how λ depends on the mixture composition
for air + hydrogen and air + propane mixtures (Fig. 1).
Figure 1 presents not only experimental data of differ-
ent authors [4–9] but also data calculated using the
model suggested by Gavrikov et al. [10]. Two different
kinetic mechanisms, one proposed by Konnov [11]
and the other by San Diego [12], were used in these
calculations.

For hydrogen + air mixtures, the cell sizes sug-
gested by different authors may vary by a factor of up
to 2, which is well above the uncertainty of measuring
the cell size for hydrocarbon + air mixtures. Discus-
sion of the cause of this distinction is beyond the scope
of this work. In any case, the accuracy of the correla-
tions involving the cell size is not higher than the accu-
racy of cell size measurements.
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The critical channel height h at which detonation
propagation is still possible was determined for various
mixtures [13–15]. Relative channel dimensions and
the cell size were characterized in those works in terms
of the λ/h ratio. According to Vasil’ev [13], this ratio is
5–7 for acetylene + oxygen and hydrogen + oxygen
mixtures, and according to Monvar et al. [14], it varies
between 4 and 8.5 as the detonating gas is diluted with
argon. Hydrogen + air and acetylene + air mixtures at
a reduced initial pressure (62 kPa) were studied by
Weber et al. [15]. They established that detonation in
hydrogen + oxygen mixtures decays at 3.7 < λ/h < 5.5.
Note that a cell size of 11 mm, measured by the
authors themselves [15], was used in that study,
although a cell size of 14.3 mm (which is 30% larger)
is reported in the literature [16] for the given condi-
tions. It is possible that this difference arises from the
specific geometric features of the experiments con-

duced by Weber et al. [15] and is due to the detonation
being overdriven in the cell size measurement region.
Thus, the accuracy of the correlations between the
channel height and the cell size is not high and, more-
over, data obtained for fuel + oxygen mixtures cannot
be used for fuel + air mixtures. In order to obtain cor-
rect estimates and construct numerical models for the
development of explosive processes and for detonation
propagation in channels, it is necessary to have more
precise values of the critical height of the slit. This
information can be gained by direct experiments, par-
ticularly for hydrogen–air mixtures.

Here, we report an experimental determination of
the critical height of a f lat channel (slit) along which
detonation can propagate in various combustible gas +
air mixtures. Limiting pressures were interpreted using
the results of two-dimensional numerical simulation.
The mixture components were hydrogen, the typical

Fig. 1. Detonation cell width as a function of composition for H2 + air and C3H8 + air mixtures according to experimental data
of different authors (points) and according to the data calculated using the model of Gavrikov et al. [10] with the kinetic scheme
suggested by Konnov [11] (dashed curve) and the scheme suggested by San Diego [12] (solid curve): h [4], e [5], n [6], + [7],
d [8], and f [9]. 
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hydrocarbon fuel propane, and ethylene as an example
of unsaturated hydrocarbons.

EXPERIMENTAL PROCEDURE AND SUBJECT 
OF INVESTIGATION

By the experiments described below, we obtained
the critical channel heights at which detonation can
propagate in the 40% H2 + 60% air mixture (stoichio-
metric ratio of φ = 1.59), stoichiometric C3H8 + air
mixture, and two C2H4 + air mixtures (one stoichio-
metric and the other lean, with φ = 0.84). The exper-
iments were carried out in a rectangular channel 1.7 m
in length and 0.3 m in width. The channel height was
varied between 5.3 and 20 mm using inserts. The nar-
row sides of the channel were sealed up with a
100-μm-thick polyethylene film using an adhesive
tape. One of the channel ends was also sealed with the
film, and a gas mixture inlet manifold was placed
there. At the other, open end, we placed a f lat plastic
explosive charge or a detonating cord, both initiated
with a blasting cap. The mixture was prepared in a
stirred gas blender and was then blown through the
channel to replace the air filling it. The volume of the
mixture that was passed through the channel was 5 to
10 times larger than the channel volume. The weight of
the initiating explosive charge was approximately
1.5 times larger than the charge weight necessary for
initiating the detonation of the gas mixture in a cylin-
drical channel [17]. For preventing the deformation of
the wide plates upon detonation, they were not rigidly
fixed. The distance by which the plates were displaced
as detonation was propagating along the channel was
insignificant. This was ensured by using spring clamps.
The light emitted by the detonation front was swept on
a rotating photographic film through a slit placed
before a film-sealed channel side. Prior to taking mea-
surements, one of the 1.7 × 0.3 m channel walls was

blackened for obtaining detonation imprints. After the
experiment, the detonation imprint was fixed with an
aerosol varnish and was then copied on graph paper or
photographed. As in an earlier study [18], the trans-
verse dimension of the cell was determined by dividing
the channel width in the ith cross section by the num-
ber of transverse waves in this cross section that move
in the same direction and by averaging the quotient
over several cross sections.

EXPERIMENTAL DATA

Processing the observed detonation imprints
enabled us to follow the variation of the cell size along
the channel length and to determine the multifront
detonation cell size averaged over the channel width.
Figure 2 shows an imprint observed for the stoichio-
metric propane + air mixture at a slit height of 20 mm.
In this case, the cell size is approximately (60 ± 5) mm.

Figure 3 plots the observed cell size data as a func-
tion of the channel length for propane + air and eth-
ylene + air mixtures of different compositions at dif-
ferent channel heights. Clearly, the small cell that
appears near the place of initiation owing to a strong
overdrive of detonation upon the initiation of detona-
tion with a condensed explosive charge either grows to
some constant size, indicating the establishment of a
self-sustained propagation regime, or grows through-
out the channel length and disappears in some cases.

For example, for the stoichiometric ethylene + air
mixture in the 8-mm-high channel, the cell size
reaches a constant value of (27 ±  3) mm at a distance
of 1.2 m from the initiator, while the cell in the
5.3-mm-high channel reaches a size of 68 mm at the
same distance and then disappears. The latter fact
indicates the absence of triple-point configurations
leaving a detonation imprint that are present in a mul-
tifront detonation wave. This is evidence that the det-
onation wave undergoes degradation (decay). A simi-
lar situation is observed for the stoichiometric
propane + air mixture. It can be seen in Fig. 3 that, as
the channel height for this mixture is decreased from
20 to 17 mm, the distance between the initiating
charge and the cross section in which the average cell
size becomes invariable, taking a value of (55 ± 5) mm,
increases. Further decreasing the channel height to
15 mm causes the decay of the detonation wave, as in
the case of the ethylene + air mixture.

Figure 4 presents the results of processing the
streak camera records for the propane + air mixture in
channels 15 and 17 mm in height. In the former case,
the detonation velocity, after showing a quasi-steady-
state behavior 0.9–1.0 m away from the initiator,
begins to decrease to become 750 m/s at a distance of
1.3 m, where the detonation cell is no longer observed,
according to Fig. 3. For the 17-mm-high channel, the
detonation velocity takes a value of (1800 ± 100) m/s
at a distance as short as 1 m from the initiator. This

Fig. 2. Detonation of the stoichiometric C3H8 + air mix-
ture in a 20-mm-high channel. The detonation wave prop-
agates from left to right. The transverse dimension of the
image is equal to the channel width and is 300 mm.
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velocity is in satisfactory agreement with the maxi-
mum detonation velocity reported for this mixture by
other authors [19]. A comparison between Figs. 3 and
4 for the case of propane + air mixture detonation in

the 17-mm-high channel demonstrates that, although
the detonation velocity is constant at a distance of 1 m
from the initiator, the cell size is smaller than its
steady-state value, which is reached at a distance of
1.5 m. The same effect was observed for a hydrogen +
air mixture [15]. This indicates that the structure and
parameters of the detonation wave reach the values
corresponding to the self-sustained regime only at a
certain distance from the initiator. Therefore, for
ascertaining that detonation is stationary, it is neces-
sary to prove the constancy of its spatial structure.

Experiments on the hydrogen + air mixture at φ =
1.59 demonstrated that detonation propagates in a
self-sustained regime at a channel height of h = 8 mm,
and the cell size in this case was measured to be (24 ±
4) mm. As the channel height was decreased to h =
6 mm, the detonation velocity decreased throughout
the slit length, indicating a decay of that the detona-
tion wave.

The observed data and the characteristics of the
mixtures examined are summarized in the first six col-
umns of the table for detonation propagation (+) and
detonation decay (–). The seventh column of the table
lists the cell sizes measured in tubes with a rather large
diameter [4, 5, 8–10, 20] or calculated using the
model suggested by Gavrikov et al. [10]. For the
hydrocarbon + air mixtures, these sizes coincide,

Fig. 3. Variation of the detonation cell width along the length X of the channel. Stoichiometric C3H8 + air mixture at a channel
height of h = (j) 20, (r) 17, and (h) 15 mm; stoichiometric C2H4 + air mixture at a channel height of h = (m) 8 and (n) 5.3 mm. 
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Fig. 4. Variation of the explosive process propagation
velocity along the length X of a rectangular channel for the
stoichiometric C3H8 + air mixture at a channel height of
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within the measurement error, with the experimental
data obtained under near-limit conditions.

For the hydrogen + air mixtures, the discrepancy
between our experimental cell size data and the same
data available from the literature reaches 100%. If the
cell size determined in this study is used for various
mixtures, it will be clear that the λ/h ratio lies in the
3 < λ/h < 4 range, differing from the ratio suggested by
Vasil’ev [2] in that it indicates a smaller critical chan-
nel height. Therefore, the criterion proposed by
Vasil’ev [2], which involves the cell size, is suitable
only for rough estimation and is inapplicable to hydro-
gen + air mixtures because of the wide data scatter.

For some mixtures, the critical diameter for deto-
nation propagation in a cylindrical channel, dprop, is
known. The table lists these diameters for the stoichio-
metric hydrogen + air [21] and propane + air [1] mix-
tures. For the propane + air mixture, the value pre-
sented is a lower estimate, because detonation does
not propagate at a diameter of 16 mm. The mixture
examined in our experiments, 40% H2 + 60% air, is
fuel-rich, and, according to the data presented in
Fig. 1, its sensitivity is lower than the sensitivity of the
stoichiometric mixture. It would, therefore, be
expected that the critical diameter for detonation
propagation in a cylindrical channel for the rich mix-
ture will fall in the 6–8 mm range, like the critical
height of the f lat channel. Thus, this study quantita-
tively verified the qualitative conclusion that the criti-
cal channel height is equal to the critical diameter for
detonation propagation, without involving the deto-
nation cell size, a parameter that is inaccurately deter-
mined for mixtures with an irregular structure.
Because of this fact, both rather rough correlations
and directly measured critical detonation propagation
heights and diameters can be used in practice,
depending on the purpose in hand.

RESULTS OF NUMERICAL SIMULATION

Numerical simulation of the initiation, propaga-
tion, and decay of a detonation wave provides means
to reveal the parameters and regularities of fast physi-
cochemical processes that are experimentally undeter-
minable in many cases. The increase in computing
power and the development of numerical methods in
recent years have made it possible to successfully
interpret experimental data in some problems associ-
ated with gas detonation. However, the practically
important problem of calculating the limits of propa-
gation of a detonation wave in narrow channels and
slits has not been solved to date. It was noted in a
recent work [22] that present-day approaches are
based on application of numerical methods to devel-
opment of ideas that were put forward in classical
studies [23, 24]. Although the models presented in
those studies are physically clear and well-substanti-
ated, certain assumptions concerning the f low pattern
have to be made for performing numerical simula-
tions. For this reason, it was concluded [22] that there
is no quantitative theory capable of predicting the geo-
metrical limits of detonation. Without casting doubt
on this conclusion, we will note that the results of
numerical simulation associated with particular exper-
imental data can be of some use in elucidation of the
mechanisms of detonation propagation regimes and
decay conditions.

Using the hydrogen + air mixture as an example,
we will consider the possibility of applying a standard
procedure for solving gas dynamics equations to
numerical simulation of the propagation of a detona-
tion wave in a narrow slit and to interpretation of
experimental data. The calculations were carried out
using the gas dynamics simulation software Gas
Dynamics Tool (GDT) [25]. This software was used
earlier to numerically solve gas dynamics and chemical
kinetics equations in an analysis of the interaction of
detonation and shock waves with permeable barriers

Table

exp = experimental; calc = calculated; n.d. = no data.

Mixture φ Channel
height h, mm Result λ, mm

(measured) λ/h
λ, mm

(literature) References
dprop,
mm

H2 + air 1.59
8 +

24 ± 2
3.0 9 (exp)

10–13 (calc)
23 (exp)

 [4, 5]
 [10]
 [6]

5
[21]6 – 4.0

C3H8 + air 1
17 +

55 ± 5
3.2

65 ± 10 (exp)  [8, 9] >16
[1]15 – 3.7

C2H4 + air
1

8 +
27 ± 3

3.4
24 ± 4 (exp)  [8, 20] n.d.

5.3 – 5.1

0.84
12 +

40 ± 4
3.3

40 ± 4 (exp)  [8, 20] n.d.
10 – 4.0
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[26–28].The GDT software, using the modified large-
particle method, solves Navier–Stokes equations, tak-
ing into account transfer processes and heat evolution
as a result of a chemical reaction. It is assumed that the
gas is viscous and heat-conducting, with a heat capac-
ity ratio of γ = 1.35. The rate of the overall Fuel + Oxi-
dizer → Products reaction is an Arrhenius-type func-
tion of temperature involving the relative mass con-
centrations of fuel [F] and oxidizer [O]:

(1)

The parameters in Eq. (1) were set with account
taken of self-ignition delay data calculated for the mix-
ture examined from a detailed reaction mechanism.
For the object of our study—40% H2 + 60% air mix-
ture—the activation energy under normal conditions is
Ta = 11 000 K, A = 3 × 1013 1/s, n = 1, and m = 8. The
values of viscosity, thermal conductivity, and diffusion
coefficient were calculated using the GASEQ software
package [29]. Simulation was carried out for a two-
dimensional problem formulation on a rectangular
and nonadaptive mesh with a cell size of 0.2 mm.

The calculations were carried out in two steps. In
the first step, we elucidated the f low pattern for the
propagation of multifront detonation in a 50 × 1000 mm
channel. For the initiation of a detonation wave at the
left boundary of the computational region, we set an
increased temperature and pressure in a 1-mm-thick
layer. As the detonation wave was propagating in the
channel, instabilities (perturbations of gas dynamic
parameters) developed at its initially smooth front and
a cellular detonation wave structure formed already
0.4 m away from the initiator. The pressure isolines at
the top of Fig. 5 illustrate the f low pattern in the chan-
nel at a distance of about 0.6 m from the initiator,
showing a system of frontal triple-point configurations
characteristic of detonation.

At the bottom of Fig. 5, one can see the trajectories
of local pressure maxima (triple points) simulating the
irregular cellular structure of detonation. The trans-

⎛ ⎞= −⎜ ⎟
⎝ ⎠

a[F] [O] exp .n m Tk A
T

verse dimension of the cells varies between 12 and
22 mm, within the scatter of experimental data for the
40% H2 + 60% air mixture under normal conditions.
Thus, although a simplified, two-dimensional
approach was used, the results of numerical simulation
are in agreement with data available both on the deto-
nation cell size and on the average detonation front
velocity that is close to the Chapman–Jouguet deto-
nation velocity DCJ = 2100 m/s.

The calculated data obtained in the first step form
an array of boundary conditions for the problem of
detonation wave propagation in a two-dimensional
channel (slit) whose height is smaller than the detona-
tion cell size. According to experimental data for the
40% H2 + 60% air mixture, detonation does not prop-
agate at h = 6 mm (see the table). This value was used
in the main series of explosion mode calculations
using an elongated, 6 × 5000 mm computational
region. The left-hand side boundary conditions (at the
channel inlet) were set (in tabular form) as the time
dependences of pressure, density, and two gas (com-
bustion products) velocity components calculated in
the first step for the x = 500 mm cross section at y = 0
to 6 mm. It was verified by a special-purpose series of
calculations that this technique actually simulates the
entry of a multifront detonation wave into a narrow
channel without perturbations caused in the inlet
region by reflection from the channel walls. The sim-
ulation was aimed at reconstructing a detonation wave
decay regime that is in agreement with experimental
data.

For correctly describing the gas f low in narrow
channels at large Reynolds numbers, it is necessary to
take into account turbulization behind the wave front
[23]. The calculated cell size, which is 0.2 mm, is too
large for a detailed resolution of the turbulent eddy
structure. In this situation, it is pertinent to take into
consideration the turbulence effect by substituting
effective, much larger, “turbulent” transfer coeffi-
cients into the equations being solved, as was done by
other authors [30, 31]. To simplify the analysis, the
viscosity, thermal conductivity, and diffusion coeffi-
cient in the calculations were varied by multiplying
them by a correction factor K and the Schmidt and
Prandtl numbers were fixed. The results of these cal-
culations are presented in Fig. 6 as the lead shock wave
front velocity versus the distance traveled. As was
expected, the calculation using standard tabulated
molecular transfer coefficients (curve 1) did not reveal
any tendency to the decay of the explosive wave, which
propagated at a velocity close to DCJ up to a distance of
5 m from the initiator. Increasing the parameter K led
to a decrease in (lack of) the explosive process velocity,
just as was observed in experiments. A dramatic
change in the character of explosion took place as K
was increased from 96 до 97. At K = 96 (Fig. 6, curve 2),
an explosive regime propagated in the channel at a
constant mean velocity of about 1750 m/s. After the

Fig. 5. Calculated pressure isolines (line spacing, 0.1 MPa)
and cellular detonation wave structure for the 40% H2 +
60% air mixture at p = 0.1 MPa and T = 293 K.
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correction factor was slightly increased to K = 97
(curve 3), the velocity of the lead shock wave began to
decrease at a distance of about 0.9 m and eventually
fell down to approximately 600 m/s. As K was further
increased, the wave decay onset coordinate shifted to
the place of initiation (K = 100, curve 4).

In order to elucidate the details of explosive process
propagation under limiting conditions (K = 97), it is of
use to analyze the f low pattern frame by frame at vari-
ous distance from the initiator. Figure 7 presents the
results of calculation in the form of pressure isolines
superposed with the region occupied by the combus-
tion products. As can be seen in Figs. 7a and 7b, the
lead shock wave and the reaction front undergo visible
separation in the initial region of the channel. The
quasi-steady-state region in which explosive process
propagates at a velocity of about 1750 m/s is illustrated
in Fig. 7c, from which it follows that ignition takes
place in a transverse wave that is alternately reflected
by the upper and lower boundary planes. Note that,
for maintaining the intensity of the transverse wave, it
is necessary that ignition occur before the next ref lec-
tion. A flow pattern similar to that shown in Fig. 7c
takes place under subcritical conditions at K = 96, and
in this case it persists up to the end of the computa-
tional region (x = 5 m). At K = 97, the momentum

Fig. 6. Calculated lead shock front velocity as a function of
the distance from the initiator at different values of the cor-
rection factor: K = (1) 1, (2) 96, (3) 97, and (4) 100. The
velocity averaging interval is 100 μs. 
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losses weaken the transverse wave and, accordingly,
lead to a progressive increase in the ignition delay
time. The distance between the front of the lead shock
wave and the visible reaction front increases, and the
transverse wave undergoes blurring, as is demon-
strated in Fig. 7d. As the explosive process intensity
decreases further, a reversal of the shape of the reac-
tion front takes place (Figs. 7e, 7f).

Thus, despite the simplifications made, the above
analysis demonstrates that a promising way of inter-
preting the limit phenomena in detonation of propa-
gation in slitlike channels is by taking into account the
turbulence effect through the introduction of effective
transfer coefficients. One the one hand, this approach
makes it possible to perform multidimensional calcu-
lations on relatively coarse meshes; on the other hand,
it allows experimentally observed effects to be repro-
duced. The maximum calculated detonation velocity
deficiency is about 17%, which is in agreement with
experimental data. An analysis of the results of two-
dimensional simulation demonstrates that the detona-
tion propagation limit for a f lat channel is is due to the
weakening of the transverse wave. 
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