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Abstract

The critical tube diameter problem for quasi-detonations is studied via ex-
periments and two-dimensional numerical simulations based on the reac-
tive Euler equations. In the experiments, quasi-detonation in stoichiomet-
ric acetylene-oxygen mixtures is generated in rough-walled tubes with three
different diameters, where the wall roughness is introduced by using spiral
inserts with different wire diameters. Photodiodes are placed along the rough
tubes to record the detonation time-of-arrival to deduce the velocity, and a
high-speed schlieren system is used to observe the diffraction processes. Near
the critical regime of detonation diffraction, the quasi-detonation emerging
from the rough tube is again shown to first fail and subsequently re-initiate
from a local explosion center in the spherical deflagration reaction zone. For
quasi-detonations, stronger turbulence and instabilities produce stronger lo-
cal hot spots, which balances the significant velocity deficit as much as ap-
proximately 15% in the rough tube, resulting in the critical pressure remain-
ing relative constant. The cell sizes for quasi-detonation in rough tubes are
directly measured, and the ratio of critical tube diameters (d c) to these de-
termined cell sizes (λ) is used to quantify the critical criterion of detonation
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initiation. In rough tubes with coil springs, the previous criterion of d c/λ
≧ 13 for detonation re-initiation appears invalid, and the critical initiation
regime for quasi-detonation in rough tubes is found approximately as d c/λ
≧ 8. Despite the cell enlargement and the lower propagation velocity for
quasi-detonation, it is hypothesized that the increase in cell irregularities or
instabilities can in turn benefit the transmission process. These unstable
features of quasi-detonation are supported by the two-dimensional numeri-
cal simulations, also showing a higher degree of cell irregularities, a wider
spectrum of induction rate, and the generation of shocked reactive pockets.

Keywords: Detonation, supersonic combustion, detonation limit, critical
tube diameter, quasi-detonation, rough wall, d c/λ

1. Introduction

Critical tube diameter for detonation transmission

Critical tube diameter for detonation transmission, dc, refers to the min-
imum diameter of a tube from which an exiting detonation can successfully
evolve into a spherical detonation in an unconfined space. Quenching of the
incident detonation can be observed emerging from tube diameters smaller
than dc. This critical phenomenon of gaseous detonations was first observed
by Zel’dovich et al. [1] and later studied by Mitrofanov and Soloukhin [2]. Be-
sides its significance in reflecting the fundamental mechanisms of detonation
propagation and failure [3, 4], critical tube diameter is an essential piece of
information for developing real-world applications of gaseous detonation, e.g.,
in pulsed and rotating detonation engines where a detonation transmits from
small pre-detonator tubes into the main thrust chamber [5, 6]. Hence, there
is a renewed interest in re-visiting this fundamental problem, both computa-
tionally and experimentally, with more advanced computational techniques
and flow diagnostics.

The most pioneering efforts on the critical-tube-diameter problem of gaseous
detonations were summarized by Lee [3, 7]. An important finding of these
studies is that the experimentally determined dc correlates with the intrin-
sic detonation cell size, λ. For detonations characterized by an irregular
cellular structure, typically, in undiluted mixtures of hydrocarbon fuels and
oxygen [8–11], the universal correlation of dc/λ ≈ 13 has been identified. In
contrast, for weakly unstable detonations, featuring a regularly spaced cellu-
lar pattern, e.g., in highly diluted mixtures, the critical diameter scaling can

2



be as large as dc/λ ≈ 20-30 [12–14]. This significant difference in dc/λ scaling
between highly and weakly unstable detonations suggests that the cellular
instabilities play an important role in the critical phenomenon of detonation
re-initiation and failure. More recently, the experimental investigations by
Nagura et al. [15] and subsequently Kawasaki Kasahara [16] proposed a new
length for scaling relevant to the process of supercritical diffraction based on
the reflection point distance (i.e., distance from the channel end corner to
the reflection point of the transverse detonation on the channel end face),
regardless the mixture is unstable or stable.

Many investigations have been performed by different researchers on the
fundamental detonation diffraction problem with more advanced computa-
tional techniques, analytical concepts and experimental flow diagnostics. Us-
ing Eckett et al. model [17], Pintgen and Shepherd [18] described detonation
diffraction from the effect of unsteadiness in the reaction process and ob-
tained the critical condition by linking it to the decay rate of the wave front
velocity, which is a function of the effective mixture activation energy dic-
tating the change in induction time for changes in the lead shock strength.
Improving upon the works by Arienti [19] and Wescott et al. [20], and more
recently by Yuan et al. [21] on the use of geometric shock dynamics for ob-
taining the lateral strain rate distribution and failure based on the steady
curved detonation theory [22–24] and for predicting the trajectory of the
transverse detonation during the re-initiation process of a diffracted cellular
detonation wave from a channel, respectively, Radulescu et al. [25] extended
the critical diffraction criterion using a novel self-similar approximation for
the shock dynamics weakly supported by the motion of the detonation prod-
ucts [26]. Apart from the aforementioned (semi-) analytical studies, the
curvature-based criterion for critical diffraction condition, i.e., failure due
to the curvature of the diffracting detonation greater than a critical value,
has also been investigated both numerically and experimentally from other
recent studies [27–29] for weakly unstable or stable detonations waves.

Using high-speed flow experimental visualization [18, 30, 31] and numer-
ical simulations [19, 32–34], recent studies revealed more information on the
detailed flow features during the diffraction of detonation waves, including
the failure dynamics and re-initiation. As evidenced from these studies, the
re-initiation is often seen as a consequence of local instabilities at random
locations within the region between the lead shock and decoupled reaction
zone, forming a local explosion bubble, subsequently leading to the onset of
a transverse detonation, which re-initiates the complete diffracting front. At
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the critical regime, successful transmission of a diffracting detonation wave
thus requires a sufficient degree of cellular instability persisting in the quasi-
steady, weakly decoupled reaction-shock complex [31]. This agrees with the
current understanding that for unstable mixtures, the initiation and propa-
gation of detonation waves likely have a strong dependence on the transverse
waves and cellular instabilities [35, 36]. As previously argued by Lee [37],
the failure of an unstable diffracting detonation is closely related to the sup-
pression of cellular instabilities. To elucidate the role played by the cellular
instabilities in the critical phenomena of detonation diffraction, Mehrjoo et
al. [38, 39] and Xu et al. [31] experimentally induced artificial flow distur-
bances using small obstacles at the detonation front. Such effect is also
illustrated numerically by Yuan et al. [40]. The results obtained by these
authors show that the induced instabilities can promote the re-initiation of
diffracting unstable detonations.

Quasi-detonations

A quasi-detonation (QD) can be described as a detonation with a veloc-
ity noticeably less than the C-J value and an unusual structure [7, 41, 42].
Many studies have investigated QD propagation in obstructed tubes filled
with repeated orifice plate obstacles, wherein the dimensions of the orifice
diameter and spacing are comparable to the tube diameter [43–51]. In such
configurations, the detonation essentially undergoes a series of diffraction
and reflection from the obstacles and tube wall as it propagates. The na-
ture of a QD in an obstructed tube, experiencing repeated initiations and
failures, may significantly differ from that of an intrinsic cellular detonation
propagating in a smooth tube (referred to as an “intrinsic detonation” in
the remainder of this paper). The limit phenomena in such configuration is
dominated and fostered by losses. Recently, velocity deficits and propaga-
tion limits of QDs were investigated in rough-walled tubes [52–55]. The wall
roughness was introduced by inserting different wire spirals with diameters
comparable to the tube diameter. Unlike a strong obstructing effect imposed
by orifice plates, wall roughness introduced by small helical spirals although
still generates losses creates also relatively mild perturbations to the struc-
ture and underlying dynamics of a QD [56, 57]. Under the influence of these
mild perturbations, the degree of the frontal cellular instability could be af-
fected and the turbulent reaction zone of a QD in a rough-walled tube is
elongated [7]. Thus, by controlling the artificially introduced wall roughness,
one can modify the nature of the cellular instabilities of QDs. This thus per-
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mits one to discern the role of the unstable detonation structure competing
the effect of losses at near-limit phenomena.

Objective of the current study

The objective of the current study is to further understand the role
of cellular instabilities in the critical phenomena—failure and re-initiation
processes—of unstable gaseous detonations. To this end, the problem of
the critical tube diameter is investigated for QDs generated by rough-walled
tubes. This experimental system enables one to vary the extent of detonation
instabilities in a relatively controllable manner, and thus, to probe the effect
of these instabilities on the detonation failure-vs.-re-initiation mechanisms,
with dc as the metrics. In addition to the experimental effort, this study also
consists of a computational analysis to further elucidate qualitatively the na-
ture of QDs and interpret the experimental results. This paper is organized as
follows. In Sect. 2, the experimental set-up and the phenomena observed via
simultaneous schlieren photography and soot-foil records are first described.
The experimental measurement and cell-size scaling of critical tube diameter
for quasi-detonation resulting from different wall roughness are then reported
and discussed. Section 3 presents the numerical simulations of QD propaga-
tion in a two-dimensional representation of rough-walled tubes based on the
reactive Euler equations with two-step, induction-reaction chemical kinetics.
A more in-depth interpretation of the experimental results inferred by the
computational analysis is provided in Sect. 3. The key findings of this study
are summarized in Sect. 4.

2. Experiments

2.1. Experimental setup

Figure 1(a) shows a schematic of the experimental setup for this inves-
tigation. The experiments were conducted in tubes with inner diameters,
D, of 76.2, 50.8, and 25.4mm, connected to an explosion tank with 25.4 cm
inner diameter and 37.5 cm in depth. Two opposed quartz glass windows
were installed on both sides of the tank to provide an observational field of
view with a 21.54 cm diameter. To generate wall roughness, coil springs of
wire diameter (δ) of 2, 3, 6, 7, and 9mm were used, and the pitch of the
springs, L, was maintained at L = 2δ, as shown in the inset of Fig. 1(b).
The roughness is defined as the ratio of the wire diameter of the coil to the
tube diameter, δ/D. The specific parameters of springs are tabulated in
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Table 1. The combustible mixture could be ignited at the left end of the
tube by a high-voltage capacitor spark discharge, producing a quasi-steady
Chapman-Jouguet (C-J) detonation wave that propagates into the rough-
walled section. Equally spaced photo probes were mounted onto the rough
section to record the time-of-arrival of the detonation wave. The average ve-
locity between adjacent probes can thus be obtained. A high-speed schlieren
system was used to record the process of diffraction and initiation in the ex-
plosion tank. The Oriel Apex 200 Watts Hg (Xe) Arc lamp was used as the
light source. The maximum frame rate of the high-speed camera (Photron
FASTCAM SA1.1) was 30 kfps and the shutter speed was 1/551000 s. The
video resolution was 512× 352. Note that the detonation outside the exit of
the tube, even when it is re-initiated, was not spherical. The velocity was
obtained by approximating the wave shape as spherical from the framing
schlieren photographs.

In this study, a stoichiometric C2H2–O2 mixture was used as the test
gas. The detonation sensitivity of the mixture was controlled by changing
the initial pressure (p0) with a range of 3 to 11 kPa. The initial pressure
was monitored by Omega PX309-030AI pressure transducer for high pres-
sure range (0–206 kPa) and PX309-005AI for low pressure (0–34.5 kPa) both
with an accuracy of ± 0.25 % full scale. The digit meter is calibrated to
display the minimum pressure reading of 0.01 kPa. The lower pressure range
is also checked with a digital manometer model HHP242-015A (0 to 103.4
kPa) with an accuracy of ± 0.10 % full scale. The mixture was prepared in
a separate mixing bottle and allowed to mix for at least 24 hours before each
experiment to ensure homogeneity. Note that, owing to the stochastic nature
of the near-critical behavior of detonations, it is difficult to unambiguously
determine the critical initial pressure, pc. For each p0, a set of nine exper-
iments were therefore repeated. The initial pressure was then decremented
by 0.1 kPa until no re-initiation can be observed at all.
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Figure 1: Schematic of experimental apparatus (a); picture for coil spring (b).
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Table 1: sepcific parameters of coil spring

Tube diameter (D)
[mm]

Wire Diameter (δ)
[mm]

Pitch (L)
[mm]

Roughness (δ/D)

25.4 2 4 0.08
3 6 0.12

50.8 3 6 0.06
6 12 0.12

76.2 7 14 0.09
9 18 0.12

2.2. Three transmission modes of detonation diffraction

In the present study, the problem of critical tube diameter for quasi-
detonation is investigated systematically in tubes of D = 25.4, 50.8, and
76.2mm. For illustration, Fig. 2 shows some sample schlieren photographs
for the 50.8-mm-diameter smooth and rough-walled tubes with various de-
grees of roughness. The results for tubes of D = 25.4mm and D = 76.2mm
are given in the supplementary materials. In all cases, three different propa-
gation modes are observed, i.e., “go”, critical, and “no-go” regimes. For the
go regime, the emerging detonation from the tube successfully evolves into
a spherical detonation. For the no-go case, the detonation fails upon exiting
the tube and turns into a deflagration with a diverging shock front decoupled
from the reaction zone. For the critical cases, for detonation emerging from
both the smooth and rough-walled tubes, the detonation first fails and then
is re-initiated from a local explosion center in the reaction zone of the spher-
ical deflagration. The localized explosion centers quickly ignite the shocked,
but mostly unreacted, gas behind the decoupled shock front. The triggered
reaction waves then spread over the entire diffracting wave front.

Using the frame sequences of the schlieren photos, the velocity of the
wave front was determined by locating the wave position and then dividing
the distance between two adjacent positions by the time interval. A sample
result of the average detonation velocity, V , normalized by the ideal C-J ve-
locity, VCJ, as a function of initial pressure, p0, for smooth and rough-walled
tubes of D = 50.8mm are shown in Fig. 3. For the go mode, the detonation
wave exiting the tube can propagate at the theoretical C-J velocity, VCJ, in
the unconfined space. For the no-go mode, the planar detonation exiting
from the tube fails eventually, with V of the diffracting wave front decreas-
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Figure 2: Schlieren photographs for the three propagation modes in 50.8-mm-diameter
(a) smooth tube: (1) no-go mode with p0 = 4.4 kPa, (2) critical mode with p0 = 4.5 kPa,
and (3) go mode with p0 = 5kPa; (b) rough-walled tubes with a spring of δ = 3mm: (1)
no-go mode with p0 = 4.7 kPa, (2) critical mode with p0 = 4.8 kPa, and (3) go mode with
p0 = 5.5 kPa; (c) rough-walled tubes with a spring of δ = 6mm: (1) no-go mode with
p0 = 4.9 kPa, (2) critical mode with p0 = 5.0 kPa, and (3) go mode with p0 = 5.8 kPa.
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ing to approximately 0.2VCJ. For the critical regime, the average velocity
fluctuates between 0.2 and 0.9VCJ. It is difficult to unambiguously determine
a unique critical pressure pc. For the repeated experiments at each p0, only
if successful re-initiation is observed in all of the repeated experiments, the
case with the corresponding p0 is considered as a go mode. Similarly, only
if all of the repeated experiments result in a failure of re-initiation, the case
is considered as a no-go mode. The critical regime, wherein re-initiation is
observed in some of the repeated experiments, lies over a range of p0 be-
tween the go and no-go modes. As shown in Fig. 3, the ranges of critical
pressure indicated by the purple dashed lines are 4.5-4.9 kPa, 4.8-5.0 kPa,
and 5.0-5.5 kPa in 50.8-mm-diameter smooth tube and rough-walled tubes
with δ = 3mm and δ = 6mm springs, respectively.

The local velocity of the wave front, V , normalized by VCJ, as a function
of distance from the initiation point (i.e., the spark discharge), is plotted in
Fig. 4 for cases with the 50.8-mm diameter smooth tube and rough-walled
tubes filled with δ/D = 0.06 and 0.12. In each plot, the first data point is
obtained at x = 170mm where the spring-filled section starts for the rough-
walled cases. The vertical dashed line indicates the location of the tube exit.
Results for other tube diameters are provided in the supplementary materi-
als. In the rough-walled tubes, the QD propagates at a velocity significantly
lower than the C-J value as shown in Fig. 5, i.e., the normalized average
propagation velocity of QDs, V /VCJ, plotted as a function of p0. In Fig. 4,
three diffraction modes can be identified. For the “go” mode, the propaga-
tion velocity is nearly unaffected by the diffraction in the unconfined space.
For the “no-go” mode, the local wave velocity decreases from approximately
V/VCJ = 0.9 to 0.2 after exiting the tube, and the detonation eventually
fails to propagate. For the critical regime, large fluctuations, ranging from
V/VCJ = 0.2 to 0.9, in local propagation velocity, are observed in the uncon-
fined space.

To summarize, Fig. 6 presents the range of critical (initial) pressure, pc, as
a function of wall roughness, δ/D, for the cases with tubes of D = 25.4mm,
50.8mm, and 76.2mm. Zero roughness refers to the smooth tube case. Each
data point represents the average value of pc of the nine measurements for
the specific tube diameter and roughness. The error bar indicates the range
of p0 corresponding to the critical mode as identified in Fig. 3. It can be seen
that, for all of the tube diameters, the average critical pressure shows only
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Figure 3: Average propagation velocity of the wave front, V , normalized by the ideal C-J
speed, plotted as a function of initial pressure, p0, in the unconfined space after exiting
from (a) a smooth tube and rough-walled tubes with springs of (b) δ/D = 0.06 and (c)
δ/D = 0.12. The inner diameter of the tubes is D = 50.8mm.
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(a)

(b)

(c)

Figure 4: Local propagation velocity of the wave front, V , normalized by the ideal C-J
speed, plotted as a function of distance measured from the initiation point (i.e., the spark
discharge) for the cases with (a) a smooth tube and rough-walled tubes with springs of
(b) δ/D = 0.06 and (c) δ/D = 0.12. The vertical dashed line indicates the location of the
tube exit. The inner diameter of the tubes is D = 50.8mm.
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Initial pressure 𝑝0 (kPa)

Figure 5: Average propagation velocity inside the tube, V , normalized by the ideal C-J
speed, plotted as a function of initial pressure, p0, for the cases with a smooth tube (black
squares) and rough-walled tubes with springs of δ/D = 0.06 (red circles) and δ/D = 0.12
(blue triangles). The inner diameter of the tubes is D = 50.8mm.

a negligible increase in rough tubes compared with the corresponding value
for the intrinsic cellular detonation (resulting from a smooth tube) at the
same diameter. Compared to the losses and the level of velocity deficits due
to the roughness and the reduction in the see-through diameter, this slight
increase in pressure (i.e., less than 0.5 kPa) is minimal and not significant,
even considering the error bars.

2.3. Critical regime of detonation diffraction

The cell sizes for QDs in rough tubes were measured using the standard
smoked-foil technique. The typical cellular patterns are presented in Fig. 7.
As in [52–55], the foil was inserted into the inner diameter of the spiral and
hence, it records only the cellular structure of the detonation core. Although
the smoked foil shields the detonation from the roughness at the wall, it is
found that the detonation structure is refrained for some distance of travel
after entering the smoked foil section. Thus, the foil can still capture the
detonation structure in the rough tube. The data of cell size are plotted
as a function of initial pressure for the tubes with different diameters and
roughnesses in Fig. 8. The relationship between λ and p0 is approximately
linear. At the same p0, the cell size for quasi-detonations in rough tubes is
larger than the intrinsic cell size resulting from a smooth tube. In addition,
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Figure 6: Critical pressure as a function of roughness (δ/D).

to quantify the critical regime of detonation initiation, the scaling of dc/λ is
considered at the critical initial pressure. In this study, to account for the
presence of wall roughness, the physical scale of the tube is characterized by
the see-through diameter dc = D − 2δ, where D is tube diameter and δ is
the spiral spring diameter [52]. Thus, dc represents the central core diameter
of the rough tube. A non-dimensional ratio of physical scale dc to chemical
scale λ is therefore used in order to further illustrate the critical condition
for the detonation diffraction.

The experimental results of dc/λ for both intrinsic detonations and QDs
are presented in Table 2. The ratio is determined using the cell size values
determined in the present study for both smooth and rough walled tubes. In
smooth tubes without coil springs, the critical condition is consistent with
the previous scaling ratio of dc/λ ≈ 13. For QDs in rough-walled tubes,
the scaling ratio significantly deviates from 13. Based on the results of this
study, the critical initiation condition for QD can be quantified as dc/λ ≈
8, indicating that the number of detonation cells required for a successful
transmission of a QD into an unconfined space less than that for an intrinsic
detonation. Certainly, the smaller ratio can be due to the reduction of the
see-through diameter with roughness and also the enlargement of detonation
cells in the rough tube. In fact, even determining this ratio using cell sizes
measured from smooth tubes for each corresponding critical pressure (with
very slight difference), the similar decreasing trend for QDs in rough-walled
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Figure 7: Typical cellular structures for p0= 4 kPa in 76.2-mm-diameter tube, (a) smooth
tube; (b) tube with 7-mm-diameter spring.
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Figure 8: Cell size as a function of initial pressure in tube with different diameters: (a)
D = 25.4mm, (b) D = 50.8mm, and (c) D = 76.2mm. The dotted line represents the
curve fit.
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Table 2: Experimental results for critical tube diameter

Tube diameter (D)
[mm]

Tube type
pc

[kPa]
λ

[mm]
dc

[mm]
dc/λ
[mm]

smooth 9 1.94 25.4 13.09
25.4 rough-wall δ = 2mm 9.1 2.72 21.4 7.87

rough-wall δ = 3mm 9.5 2.33 19.4 8.33
smooth 4.5 4.42 50.8 11.49

50.8 rough-wall δ = 3mm 4.8 3.86 44.8 11.61
rough-wall δ = 6mm 5 4.25 38.8 9.13

smooth 3.6 6.12 76.2 12.45
76.2 rough-wall δ = 7mm 3.7 5.93 62.6 10.49

rough-wall δ = 9mm 3.9 6.35 58.2 9.17

tubes is also obtained (i.e., dc/λ decreases with increasing roughness). Using
the cell size correlation [58] obtained from data tabulated in [59] and [60],
as well the limited data measured in this study for the smooth tube, the
following correlations can be obtained, respectively:

λ [mm] = 28.7 · (po)[kPa]−1.26 (1)

λ [mm] = 31.30412 · (po)[kPa]−1.283217 (2)

and Table 3 shows dc/λ scaling using cell sizes determined from the above
two correlations.

The rather negligible increase in critical pressure for quasi-detonation, as
shown in Fig. 6, can still be attributed to a lower propagation velocity prior
to exiting the tube. It is, however, of interest to remark that this increase
in pc is slight despite the fact that the average detonation velocity decreases
much more significantly, i.e., approximately from V /VCJ = 0.95 to 0.8, for
an increasingly greater wall roughness. In addition to the losses introduced
by the rough wall, mild perturbations are also generated to the propagating
detonation front without destroying its overall cellular characteristics. These
seemingly contradicting results suggest that the transmission capability of
a cellular detonation into an unconfined space is not only governed by the
average velocity (or strength) of the incident detonation, but also the nature
of cellular instabilities. To more clearly elucidate the difference in the nature
of cellular instabilities between an intrinsic detonation in a smooth tube and
a QD in a rough-walled tube, an explanatory modeling effort is made in this
study.
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Table 3: Scaling for the critical conditions using cell size values measured in smooth tube

Tube diameter (D)
[mm]

Tube type
pc

[kPa]

dc/λ
(using Eq.1)

[mm]

dc/λ
(using Eq.2)

[mm]
smooth 9 14.10 13.61

25.4 rough-wall δ = 2mm 9.1 12.05 11.63
rough-wall δ = 3mm 9.5 11.53 11.14

smooth 4.5 11.78 11.18
50.8 rough-wall δ = 3mm 4.8 11.27 10.71

rough-wall δ = 6mm 5 10.27 9.78
smooth 3.6 13.34 12.59

76.2 rough-wall δ = 7mm 3.7 11.34 10.71
rough-wall δ = 9mm 3.9 11.27 10.66

3. Explanatory model via numerical simulations

3.1. Model description and numerical methodologies

A computational analysis is performed to illustrate how rough-walled-
induced QDs differ from an intrinsic, unstable cellular detonation in a smooth
tube. Since this analysis aims to qualitatively capture the essential features
of QDs, a reactive-flow paradigm based on the inviscid Euler equations with
simplified chemical kinetics, i.e., a two-step, induction-reaction model [40,
61], is used. All the parameters have been non-dimensionalized with re-
spect to the uniform, unburned state ahead of the detonation front. With
the two-step kinetic model, the one-dimensional ZND induction zone length
(∆I) is employed as the reference unit length, i.e., ∆I = 1. The solutions
to the governing equations are obtained numerically using a second-order
MUSCL-Hancock scheme with an HLLC (Harten-Lax-van Leer-Contact) ap-
proximate Riemann solver [62, 63] with a CFL (Courant–Friedrichs–Lewy)
number of 0.90. The simulations are accelerated by GPU-enabled parallel
computing [63, 64]. In this study, the normalized thermodynamic parame-
ters of the combustible mixture are fit into the two-step method, approxi-
mately representing a stoichiometric hydrogen-oxygen mixture at 20 kPa and
300K [40]. Using the cell size and critical tube data from the CALTECH
Detonation Database [59], we can obtain the following correlation for the
stoichiometric hydrogen-oxygen mixture at different initial pressure:

λ [mm] = 181.42 · (po)[kPa]−1.0417 (3)
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dc [mm] = 2075.4 · (po)[kPa]−0.99763 (4)

For an initial pressure range of 5 kPa to 25 kPa, it can be shown that the
critical tube diameter follows the universal scaling: dc ≈ 12.28 to 13.18λ,
respectively. Thus, hydrogen-oxygen mixtures at the given conditions follow
the same scaling and hence, exhibit qualitatively similar dynamic behavior
of unstable detonations.

In order to represent a three-dimensional rough tube as a two-dimensional
channel, as shown in Fig. 9, the spring coils are approximated as staggered
square obstacles along the top and bottom boundaries of the computational
domain. An incident detonation wave with a fully developed cellular struc-
ture is initially placed near the left end of the domain and propagates right-
ward into the rough-walled section. To obtain a quasi-steady detonation
wave in the rough channel, a sufficiently long propagation distance is re-
quired. An advancing-window technique, following the method proposed by
Li et al. [65, 66] in the literature of detonation modeling, is used in this
study to reduce the use of data memory and computational time for simulat-
ing detonation waves propagating over a long distance. Two grid resolutions
of 10 and 20 computational cells per the ZND induction-zone length, i.e.,
∆I/∆x = 10 and 20, respectively, are selected for the herein reported simu-
lations. The grid resolution study is previously reported in [40]. The recent
study by Shi et al. [34] using one-step Arrhenius kinetics also shows a similar
resolution level, i.e., a 16 pts per half-reaction zone length ∆1/2 is deemed
sufficient to determine critical conditions and 24 pts/∆1/2 for high-precision
examination of the structure. The computational domain is a 600×300 rect-
angle so that the channel width D is 300 times of ∆I. As indicated in Fig. 9,
the size of each square obstacle is denoted as δ. The length between two
consecutive obstacles, L, is fixed as L = 4δ.

3.2. Simulation results and statistical analysis

The density fields and numerical soot foils obtained with a computational
resolution of ∆I/∆x = 20 for the smooth channel and rough-walled channels
with δ/D = 0.05 and 0.1 are presented in Fig. 10. Noticeably, the cellular det-
onation structure is strongly affected by the roughness. The cellular patterns
become more irregular for the cases with an increasingly greater wall rough-
ness. As shown in Fig. 10(c), i.e., the rough-walled case with δ/D = 0.1, the
cellular pattern almost vanishes in some regions while relatively fine cells are
formed in some other regions. The cell sizes of QD are significantly greater
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Figure 9: Schematic showing the domain configuration for the simulation of a detonation
wave propagating in a rough-walled channel.

than those resulting from a smooth channel. This finding is consistent with
the experimental measurements reported in Fig. 8.

The induction-reaction-zone dynamics of an intrinsic cellular detonation
resulting from a smooth channel and QDs in rough-walled channels are fur-
ther scrutinized via a statistical analysis. With the present two-step kinetic
model [61], the induction rate ω̇I is expressed as follows,

ω̇I = ρkIexp

[
EI

(
1

Ts

− 1

T

)]
(5)

where TS is the post-shock temperature, EI the activation energy, and kI the
pre-exponential rate constant of induction. As illustrated in Fig. 11(a), the
simulation data of ω̇I is collected in a window following a non-planar pattern
of the detonation front. This data-collection window has a width of 20 and 60
times ∆I ahead and behind the shock front, respectively. The top and bottom
boundaries of the data window are aligned with the inner surface of the ob-
stacles. In order to reduce the noise introduced by the transient fluctuations
of an unstable detonation, data were collected from 200 flow-field snapshots
over a period of 1000 units of time. During this time, the detonation prop-
agates over a distance of 5300 times ∆I, i.e., about 9 times the channel width.

Figure 11(b) presents the probability density function (p.d.f.) of the in-
duction rate behind the wave front obtained with a resolution of ∆I/∆x = 20.
For the cases with smooth and rough-walled channels, the distribution peaks
at different values. The overall distribution and the peak values are moving
leftwards with an increase in wall roughness. To quantify the spread of the
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Figure 10: The density field and soot foils in a 300 × 600 computational domain for the
cases with (a) a smooth channel and rough-walled channels of (b) δ/D = 0.05 and (c)
δ/D = 0.1.

p.d.f. curves of ω̇I, the standard deviation, σ, is calculated.
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Figure 11: (a) Schematic of the data window around the detonation front and (b) the
probability density function of induction rate at the resolution of ∆I/∆x = 20.

Figure 12 shows the standard deviation of the p.d.f. of ω̇I (right axis)
and the average detonation velocity normalized by the C-J speed (left axis)
as functions of wall roughness, δ/D, obtained from simulations at two dif-
ferent grid resolutions, i.e., ∆I/∆x = 10 and 20. The cellular patterns in
smooth tube (i.e., δ/D = 0) obtained with these two grid resolutions are also
provided for comparison. The results plotted in Fig. 12 demonstrate that
σ increases and V /VCJ decreases monotonically as wall roughness increases.
The leftward shifting of the p.d.f. curve towards smaller ω̇I (as shown in
Fig. 11(b)) is due to the decrease in average detonation velocity in an in-
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Figure 12: (a) The average detonation velocity normalized by the C-J detonation velocity
V /VCJ (black circles, left axis) and the standard deviation σ of the probability distribution
of induction rate (blue squares, right axis) as functions of wall roughness, δ/D, and (b)
the numerical soot foil showing the cellular structures. The results are obtained from
simulations at two different grid resolutions, i.e., ∆I/∆x = 10 and 20.

creasingly rougher channel, as shown in Fig 12. An increase in σ indicates
that the spread of the probability distribution of ω̇I becomes wider as wall
roughness increases. These results suggest that, although the bulk induction-
reaction rates of a QD are reduced by the obstacles, the instabilities induced
by the wall roughness broaden the probability distribution of the induction-
reaction rates of a QD. In the critical-tube-diameter problem, therefore, this
extension towards faster induction-reaction rates may compensate the effect
of a reduced propagation speed of a QD on its transmission capability into
an unconfined space. The key finding of this computational analysis is in-
dependent of grid resolution as the trends of V /VCJ and σ with δ/D remain
unchanged for both low- and high-resolution simulations as shown in Fig. 12.

To further investigate the propagation dynamics of a QD, transient sim-
ulation results are analyzed. Figure 13 shows the oscillation of the transient,
spatially averaged (over the y-direction) induction-zone length, lind, for the
case with δ/D = 0.1. The large fluctuations in lind can be seen in Fig. 13.
As shown in Fig. 13(a), a local peak of lind is associated with the moment
when the shock front is decoupled with the reaction zone, and the cellular
structure fades away. A local minimum of lind occurs at the moment when
the QD has a fully developed cellular structure with a reaction zone closely
attached to the shock front as shown in Fig. 13(b).
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Figure 13: The time-dependent spatial average induction zone length (lind) distribution
when δ/D = 0.1: (a) the density contour showing that the detonation front is decoupling
and the cellular structure is fading away with high lind, (b) the density contour showing
the cellular detonation structure with low lind.

Figure 14 shows a sample of a numerical smoked foil for a QD propagating
in a rough-walled channel. The spatial distribution of the cellular pattern is
highly irregular as seen in smoked foil. There exist regions of re-initiation
at overdriven state giving birth to small detonation cells and local quench-
ing leaving behind unburnt shock reactive pockets (Fig. 15). Among these
temporary local decoupling regions, the induction rate is much lower than
that occurring at the shock front of the corresponding steady C-J detonation.
Thus, the propagation of a QD is a series of repeated partly quenching in-
duced by the obstacles and re-initiation triggered by strong local explosions.
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Figure 14: The soot foil showing the periodical cellular dynamics of a quasi-detonation
propagating in a rough channel with δ/D = 0.1.

Figure 15: Density contours in a series of transient frames showing the unstable features
and the re-initiation process at the quasi-detonation front.
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4. Concluding remarks

In the present study, the propagation and diffraction of quasi-detonation
using stoichiometric acetylene-oxygen mixtures in three different diameter
tubes with different spiral inserts to generate roughness have been examined
via experiments. Two-dimensional numerical simulations using a simplified
model have also been conducted to complement qualitatively the present ex-
perimental finding. The motivation behind this work is to elucidate how
the unstable detonation structure influences the critical tube diameter. Be-
sides the losses introduced by the rough wall, mild perturbations are also
generated to the propagating detonation front without destroying its overall
cellular characteristics. Despite the velocity deficit due to losses in rough
tubes, the experimental results only show a negligible change in the critical
pressure for the critical tube diameter. It is hypothesized that the negative
effect of velocity losses is compensated by the resulting perturbations and
additional instabilities to the cellular detonation structure, i.e., stronger lo-
cal hot spots produced by the more turbulent structure and instability for
quasi-detonation.

For the critical tube diameter of quasi-detonation, the conventional d c/λ
≥ 13 criterion appears invalid, and the critical regime for quasi-detonation
can be quantified approximately as d c/λ ≈ 8 where the cell size λ corresponds
the value measured in the rough tube. The even lower critical value again
indicates the importance of increasing instabilities, i.e., the more unstable
fluctuations before exiting from the tube for quasi-detonation, which provides
a favorable effect on the detonation transmission by inducing stronger local
hot spots.

The propagation dynamics of quasi-detonation in rough tubes are also il-
lustrated through the two-dimensional numerical simulations. In agreement
with the experimental measurement, the cell sizes, in general, are greater for
quasi-detonation in rough tubes than that for normal cellular detonation. A
more “turbulent” flow structure for quasi-detonation is also observed numer-
ically with a larger variational spectrum of induction rate despite the cell size
enlargement. From the present study, the characteristics of the detonation
frontal structure can once again be confirmed to play a crucial role in deter-
mining the dynamic detonation parameters. The effect of multi-dimensional
instabilities on the critical tube diameter for quasi-detonations will be further
explored numerically in future work.
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