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Simulations of detonation wave reflection over cylindrical convex surfaces
with a detailed reaction model

Lisong Shi (時立松),1 Zijian Zhang (張子健),2 E Fan (范鍔),1, a) and Chih-Yung Wen (溫志湧)1, b)

1)Department of Aeronautical and Aviation Engineering, The Hong Kong Polytechnic University,
Kowloon, Hong Kong, China

2)School of Aerospace Engineering, Beijing Institute of Technology, Beijing, China

The unsteady reflection of detonation waves over cylindrical convex surfaces is numerically investigated using a high-
resolution adaptive mesh refinement technique combined with a detailed reaction mechanism. Results reveal that
cellular instabilities complicate the determination of the transition point from regular reflection to Mach reflection.
However, the triple-point trajectories connecting the incident detonation wave and Mach stem remain largely unaffected
by these instabilities. This consistency is confirmed by reducing the radius and the initial angle of the cylindrical
surfaces. Finally, no universal scaling is observed across all configurations. At larger radii, the triple-point trajectories
tend to stay closer to the surface.

When a detonation wave impinges on a solid wedge, ei-
ther regular reflection (RR) or irregular/Mach reflection (MR)
may occur, depending on the wedge angle. Numerous stud-
ies have explored these detonation reflection phenomena.1–4

The irregular reflection of inert shock waves typically involves
at least three shock waves.5,6 Detonation waves, however, in-
volve multiple transverse waves and possess finite characteris-
tic thicknesses and non-uniform state distributions, which fur-
ther complicate their irregular reflections. Specifically, Yang
et al.7 reported the formation of a regular rhombic pattern, re-
sulting from the intersection of incident transverse waves and
reverse transverse waves. Due to the characteristic scales in
detonation, the MR of a detonation wave is no longer self-
similar, differing from the behavior of inert shock waves.6

Initially, the reflection follows a frozen limit and eventually
reaches an equilibrium limit at the far end.8 This phenomenon
was further confirmed through numerical studies of the reflec-
tions of both Zel’dovich-von Neumann-Döring (ZND) deto-
nation waves9,10 and cellular detonation waves.11 Notably, the
transition length between these two limits is much larger than
the cellular length scale. Additionally, due to the presence
of cellular detonation, stochastic variations in the triple-point
origin have been observed near the apex of the wedge.12

For detonation reflections on non-straight surfaces where
the wall angle changes continuously, the phenomena are more
complex than pseudo-steady reflections. Yuan et al.13 used a
two-step induction-reaction model to analyze various param-
eters influencing detonation reflection over a cylindrical con-
cave surface. They concluded that the ratio of induction to re-
action zone length is a critical factor in the reflection process.
Similarly, a numerical study of cellular reflection over a con-
cave corner identified the critical angle for transition, which
is significantly larger than that for a straight wedge.14 Deto-
nation reflections over coupled convex-straight surfaces were
found to delay the MR.15 Further studies on double-wedge re-
flections have identified seven kinds of reflection processes.16

Li and Ning17 conducted a systematic experimental and nu-
merical study on detonation reflection over a cylindrical con-
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vex surface, observing scattering of the critical wall angle due
to cellular instabilities through experiments. Furthermore, in
the limit where the cell size is much smaller than the cylin-
drical radius, the critical wall angle approaches the inert two-
shock theory.

Detonation reflections over cylindrical surfaces can be in-
fluenced by cellular instability, complicating direct investiga-
tions using detailed chemical mechanisms. This challenge
arises because a well-established cellular detonation typically
requires long propagation distances, and simulations often
need to cover domain heights that span multiple detonation
cells to ensure meaningful results in reflection problems. Con-
sequently, this creates a significant computational challenge,
especially when coupled with multi-species reaction models.
The existing literature cited above, along with others, pri-
marily relies on simplified two-step models or concentrates
on limited spatial regions. Meanwhile, previous research has
shown that the initial wall angle at the apex does not af-
fect the transition for inert shock waves.18 While earlier stud-
ies have predominantly concentrated on detonation reflections
over half-cylindrical surfaces, there remains a notable gap in
the literature regarding detonation reflections on cylindrical
convex surfaces with reduced initial angles. This study aims to
leverage the adaptive mesh refinement technique coupled with
a detailed reaction model to numerically quantify the transi-
tion from RR to MR (RR → MR) of cellular detonation waves
propagating over cylindrical convex surfaces, with a particu-
lar focus on the global patterns observed for different radii and
initial wall angles.

The multi-species reactive Euler equations are solved us-
ing the detailed chemical mechanism for high-pressure hy-
drogen combustion from Burke et al.19 A specific gas mix-
ture of 2H2 +O2 + 3Ar is considered, exhibiting regular det-
onation cellular structures. The initial pressure is set to 0.25
atm, and the temperature is fixed at 300 K. The computational
domain spans [−20 cm,10 cm]× [0 cm,10 cm], with an ini-
tial mesh of 1152× 384, resulting in a root mesh resolution
of ∆x = ∆y = 0.26 mm. The initial wall angle at the apex of
the cylindrical surface, as shown in Fig. 1, can be adjusted by
offsetting the cylindrical surface by a distance of ∆H. Deto-
nation is initiated by perturbed hot spots near the left end of
the domain, traveling up to 20 cm until the detonation wave
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FIG. 1. Schematic of computational setup, the unit of length is cm.

TABLE I. Summary of test conditions. R represents the radius of the
cylindrical surface, and L ≈ 0.83 cm represents the cell length.

No. 1 2 3 4 5 6 7 8 9 10 11 12
R [cm] 7 3.5 1.75

∆H 0 0 R/2 R/2 0 0 R/2 R/2 0 0 R/2 R/2
x0 0 L/2 0 L/2 0 L/2 0 L/2 0 L/2 0 L/2

reaches stable propagation at a velocity of 1869.1 m/s, which
is close to the Chapman-Jouguet (CJ) velocity of 1871.4 m/s
computed by the CEA (Chemical Equilibrium with Applica-
tions) code,20 with fully developed cellular structures before
impacting the cylindrical convex surfaces.

To ensure high computational fidelity, adaptive mesh refine-
ment (AMR) is employed to concentrate mesh resolution near
the detonation fronts. The block-structured AMR solver for
combustion, PeleC,21 is utilized in this study. The piecewise
parabolic method (PPM)22 is used to reconstruct values at the
cell faces, while an iteratively coupled scheme based on the
spectral deferred correction (SDC) approach23 is applied to
advance the system through each numerical time step. Slip
wall boundary conditions are applied to all surfaces. In the
following simulation, five levels of refinement are used, with
each refinement factor set to 2, yielding an effective mesh size
of 8.138 µm. The chosen resolution provides approximately
28 mesh points per detonation reaction zone induction length
(28 pts/lind). A separate convergence study was conducted
indicating that doubling the resolution does not affect the det-
onation cell size (λ ≈ 0.455 cm for cell width, L ≈ 0.83 cm
for cell length).

The test conditions for all cases are summarized in Table I.
A total of three groups of cases are simulated, each repre-
senting a particular radius. Within each group, four cases are
considered, with variations in the starting apex location and
initial wall angle. The shift in the starting apex location x0,
achieved by moving the cylindrical surface to the right by half
the detonation cell length, enables the examination of cellular
instability’s impact on reflection phenomena. The starting an-
gle is adjusted by lowering the cylindrical surface’s center by
half the radius, changing the initial wall angle (θw) from 90◦

to 60◦. As will be shown later, with a starting angle of 60◦,
RR will continue to occur initially on the cylindrical convex
surface. The cylindrical surface is implemented using the em-
bedded boundary technique, and the adapted meshes are clus-
tered around both the cylindrical surface and the detonation
fronts, as shown in Fig. 2. All computations are performed on
the Tianhe supercomputer at Tianjin Supercomputer Center,
China.

To begin with, we first investigate the reflection of a detona-
tion wave over a half-cylindrical surface with a radius of 7 cm
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FIG. 2. Illustration of the adapted mesh near the reflected detonation
waves at the cylindrical surface. For clarity, only three of the five
refinement layers are shown.

and apex at x = 0 (Case 1). This radius spans approximately
15.4 detonation cell widths (i.e., R/λ = 15.4), meaning the
detonation’s characteristic scale is significantly smaller than
that of the surface. The initial wall angle is sufficiently large
to produce a RR. As the wall angle gradually decreases, the
reflection eventually becomes irregular. The wave structures
near the critical time for the RR → MR transition are shown
in Fig. 3. Initially, when the detonation wave impinges on the
curved surface, a RR is formed due to the large angle near
the apex, as observed at t = 108 µs and t = 111 µs. MR is
observed at t = 112.5 µs, although it is difficult to confirm
whether this can be considered a global structure (in terms
of a formal MR of the incident detonation wave), given the
substantial variations in cellular fronts and local velocity. Pre-
vious studies on inert (and planar) shock reflection over cylin-
drical surfaces have noted that determining the exact transi-
tion point is non-trivial, as the growth rate of the Mach stem
at the onset of the transition is extremely small. This can lead
to errors in extrapolation, beyond the capabilities of current
experimental methods.5 Identifying the first appearance of the
Mach stem has proven difficult,24,25 and a similar observation
is anticipated for detonation reflections, possibly more com-
plex due to the stronger transverse instabilities compared to
planar inert shocks.

At t = 114 µs, the height of the Mach stem is signifi-
cantly reduced, revealing stochastic local reflection patterns
due to cellular instabilities. Subsequently, at t = 115.5 µs and
t = 118.5 µs, the height of the Mach stem gradually increases,
a typical MR process over convex surfaces which aligns with
findings from previous experimental studies. At the initial
stage of MR, the Mach stem is significantly overdriven, where
“overdriven” refers to the wave propagation speed exceed-
ing the CJ velocity. The downstream-propagating transverse
waves interact with the upward-propagating transverse waves
reflected from the convex surface, forming the rhombic pat-
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FIG. 3. Density contour plots illustrating the transition from RR to
MR for Case 1. The color bar is the same as that in Fig. 2. Note that
the time intervals between these plots are not uniform.

tern described in Yang et al.7 Based on these observations, the
RR → MR transition can be considered to occur somewhere
between 111 µs and 115.5 µs.

It is crucial to note that, even near the transition point, the
reflected shock wave is not perpendicular to the incident det-
onation wave. This is in variance with the transition criterion
for inert shock waves over convex surfaces proposed by Geva
et al.,26 emphasizing the fundamental differences between RR
→ MR transitions in detonations and inert shock waves. This
could be due to the thermochemical non-equilibrium of the re-
flected shock, where the state behind the reflected shock expe-
riences significant heat release (the mixture is rapidly burned

behind the reflected shocks in Fig. 3). Further investigation is
needed, possibly with a detailed examination of the unsteady
reflection of a ZND planar detonation wave.

Based on the findings above, it has been shown that de-
termining the transition point from transient plots is neither
straightforward nor accurate. Therefore, the transition point is
directly determined from the numerical soot foil, though there
may still be errors on the order of a few pixels, making it diffi-
cult to definitively determine whether the Mach stem persists
or diminishes. As a result, in some cases, multiple transition
points may be provided. The corresponding numerical soot
foil for Case 1 is shown in Fig. 4a. The small MR observed
at t = 112.5 µs is likely a local MR due to cellular instability,
as denoted by θa in Fig. 4a. Continuous MRs begin at θb, ap-
proximately at t = 114 µs, as shown in Fig. 3. Additionally,
two extra small dark zones are observed: one located before
point a and the other between points a and b. Identifying the
transition point from the soot foil seems straightforward in this
case. It seems preferable to select point b as the RR → MR
transition point. However, as will be demonstrated in subse-
quent cases, determining the transition point can sometimes
be challenging.

After the transition point, due to the cylindrical surface, the
upward-traveling family of transverse waves clusters near the
triple-point, while the downward-traveling family approaches
the expanding boundary, causing the space to grow (Fig. 4a).
This leads to smaller detonation cells farther from the sur-
face and larger cells near the surface after the detonation wave
passes over the top of the cylindrical surface. A similar phe-
nomenon has been observed in previous experimental stud-
ies.17 In the later stages, the top of the Mach stem begins to
merge with the incident detonation wave.

It has been reported in experiments17 that cellular instabili-
ties lead to the scattering of critical angles. Therefore, it is es-
sential to determine how sensitive the aforementioned reflec-
tion dynamics are to small changes in cellular patterns when
the detonation wave impinges on the surface when using a
detailed reaction model. In Case 2, the reflection occurs on
a half-cylindrical surface, with the apex deliberately shifted
downstream by half the detonation cell length. The overall
phenomenon is similar to Case 1, so detailed transient plots
of wave structures are omitted. The soot foil for Case 2 is
shown in Fig. 4b, where the fluctuation of the initial dark re-
gions caused by local MR due to cellular instability differs
from Case 1. The transition point shifts slightly (from ap-
proximately y = 4.511 cm (49.93◦) in Case 1 to y = 4.337 cm
(51.78◦) in Case 2), resulting in a 1.85◦ difference in the tran-
sition angle. To maintain consistency, the transition angle in
this study is defined as the last starting point after which the
Mach stem becomes continuous.

Cases 3 and 4 were conducted to explore whether modify-
ing the incident angle at the apex from 90◦ to 60◦ significantly
affects the transition patterns. The choice of a 60◦ angle is
based on observations from Cases 1 and 2, where the detona-
tion wave still experiences RR near the apex (thus before the
transition point). Moreover, this change in angle is sufficiently
large (representing a 50% change in the height of the cylindri-
cal surface) to potentially influence the transition, if any effect
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FIG. 4. Numerical soot foil for Cases 1–4, with a zoomed view near the transition point. θa and θb correspond to the locations of the
detonation wave fronts t = 112.5 µs and t = 114 µs, respectively. The red solid circle marks the small detonation cells clustered near the
triple-point, while the blue dashed circle highlights the large detonation cells near the expanding surface.

is present.
From Fig. 4c–d, the transition angles for Cases 3 and 4

are measured as 52.61◦ and 48.24◦, respectively. However,
the differences between these values appear to fall within the
fluctuation range of cellular instabilities. Therefore, measur-
ing the transition angle directly from soot foils remains chal-
lenging, even with a relatively large radius-to-cell size ratio.
Determining transition angles for detonation waves on con-
vex surfaces is somewhat subjective, typically done by visual
inspection of the visible Mach stem from either numerical re-
sults or experimental soot foils. A comprehensive discussion
on this issue, specifically for inert shock reflections, is pro-
vided in Kleine et al.5

To provide a more insightful comparison, we plotted the
triple-point trajectories for Cases 1–4 on a single graph
(Fig. 5a). Note that the terminology “triple-point trajectory”
in the present study primarily refers to the main triple point
connecting the incident detonation wave and the Mach stem
due to the reflection over the convex surface, rather than the

triple-point typically associated with tracing the detonation
cellular structures. For consistency, we adjusted the origins
of the cylindrical surfaces for the shifted cases (Cases 2 &
4) and those with smaller starting angles (Cases 3 & 4) to
overlap with the origin of the benchmark case (Case 1). It is
observed that all four trajectories closely overlap, particularly
for x < 7 cm. Beyond this point, the Mach stem decays, and
the triple-point trajectory merges with an upward transverse
wave, resulting in a slight deviation in the trajectory.

The velocity profiles along the cylindrical surface (Fig. 5b)
further support this observation, showing that the Mach stem
transitions from an overdriven detonation wave to a state
closer to the CJ detonation wave at the top of the cylindri-
cal surface. The oscillations in velocity are attributed to the
cellular nature of the detonation waves near the surface. No-
tably, the velocity patterns for all four cases follow a similar
trend.

These findings suggest that, although the measured tran-
sition angles may vary due to the inherent difficulties in ac-
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(b) Detonation wave velocity along the cylindrical convex surfaces.
The angle of 0◦ corresponds to the top of the cylindrical surface.

curately determining the angle, the trajectories of the triple-
points for a cylindrical convex surface with a specific radius
do not differ significantly. This implies that selecting the
triple-point trajectory as a measurable parameter may be more
practical than relying on the transition angle, which can be in-
fluenced by experimental techniques, resolution limitations,
and subjective factors. Furthermore, within the context of the
present parameters and for cellular detonation wave reflection
over a single cylindrical convex surface, the development of
the MR pattern appears to be independent of the preceding
history of RRs. The RR → MR transition seems to be a local
phenomenon, at least within the uncertainty caused by cellular
instabilities.

The previous discussions focused on scenarios where the
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FIG. 6. Soot foils for cases 9–12. The two arrows in (b) illustrate
the two possible determinations of the RR → MR transition point.

radius is significantly larger than the detonation cell size. De-
spite uncertainties in determining the transition angle, the tra-
jectories of the triple points are closely aligned across dif-
ferent cases. The following will examine how the reflection
behavior changes when the radius is reduced. Cases 5–8
and 9–12 test two sets of cases with smaller radii of 3.5 cm
(R/λ = 7.7) and 1.75 cm (R/λ = 3.85), respectively.

The triple-point trajectories for cases with a radius of 3.5
cm remain tightly overlapped, resembling the behavior ob-
served in previous instances with a large radius. However,
for the 1.75 cm radius, the trajectories become less tightly
aligned. This deviation can be attributed to the stronger in-
fluence of cellular instability at smaller radii, which only span
3.85 cell widths across the radius, as shown in Fig. 6. As
discussed in cases 1–4, due to local variations in wave speed
and wave angle near the transition point, the cellular front can
induce local MRs, which are not a global phenomenon, and
the Mach stem may even diminish at certain points. Con-
sequently, the uncertainty in transition angles is more pro-
nounced for surfaces with smaller radii, where the influence
of cellular instability is much stronger. Furthermore, on the
basis of case 9, two additional cases are considered. One case
uses a refined mesh with an effective resolution of 56 pts/lind
to test mesh convergence, while the other solves the full set of
reactive Navier-Stokes equations to examine viscous effects
(Fig. 7). The results in Fig. 7 show almost no difference be-
tween these two cases and the original case in Fig. 6a. In the
viscous case, the boundary layer behind the leading detona-
tion wave is so thin that it has negligible influence on the final
outcomes. Thus, the convergence of the present results is fur-
ther confirmed, and viscous effects are deemed insignificant
for the current study. However, these conclusions are based
on the argon-diluted mixture, and further investigation may
be needed for highly unstable detonations.

The velocity profiles (not shown here) along the surface fol-
low a similar trend to those observed in cases 1–4, but with
stronger fluctuations at the smaller radius. This is due to the
larger changes in surface angle within one cellular structure
at smaller radii. The transition angles for all cases are sum-
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in cases such as Case 10 in Fig. 6.

marized in Fig. 8. It is important to note that some cases
are assigned two transition angles, reflecting the challenges in
precisely determining the transition angle-particularly when
the Mach stem height is so small that defining it accurately
becomes difficult. An example of this is the shifted half-
cylinder case (Case 10) shown in Fig. 6b. It is evident that
determining the transition angle directly from either transient
plots or soot foils can be somewhat ambiguous. This obser-
vation aligns with the experimental work on various types of
mixtures by Li and Ning,17 where scattering depends on the
ratio of detonation cell size to the radius of curvature. As this
ratio decreases, the scattering becomes significantly narrower.
This behavior is also comparable to detonation reflection over
a straight wedge: when the wedge length is similar to the cel-
lular sizes, the problem becomes ill-defined.11

In light of the above interpretation, it is useful to investi-
gate whether the Mach stem height scales with the cylindrical
radius. To facilitate this, the trajectories are normalized by di-
viding by the corresponding radius, as shown in Fig. 9. The
trajectories for cases with R = 7 cm coincide with those for
R = 3.5 cm during the early stages after transition (zoomed-in
view in Fig. 9). The trajectories for cases with R = 1.75 cm
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FIG. 9. Triple-point trajectories in the normalized dimension. The
three solid curves represent the fitted trajectories for different radii.

fluctuate around a similar path. However, as the MR pro-
gresses, the three groups of trajectories begin to diverge. As
the radius decreases, the trajectory in the normalized dimen-
sion increases in height. Ultimately, all trajectories converge
into traces of an upward-propagating transverse wave with the
same angles. This indicates that the triple-point trajectories do
not represent a scaling phenomenon.

In this letter, we focused on the numerical investigation of
fully unsteady detonation reflection over a cylindrical convex
surface, providing detailed insights into the transition phe-
nomena from the fully established transition pattern. A sto-
ichiometric hydrogen-oxygen mixture with 50% argon dilu-
tion, under initial conditions of 0.25 atm and 300 K, was ex-
amined. The adaptive mesh refinement technique made it pos-
sible to examine this problem at high-resolution over a large
domain in terms of the radius-to-cell size ratio. It is important
to note that for most cases, only inviscid simulations were per-
formed, based on the assumption that viscous effects would be
noticeable only for significantly small Reynolds numbers, or
equivalently very small radii (approximately two orders differ-
ence in radii for inert shock reflection).5 A systematic study of
viscous effects could be explored in future work. Cylindrical
convex surfaces with three different radii, two different apex
starting locations, and two different initial wall angles were
tested in a total of 12 cases. The numerical results confirm a
scatter in the transition angles from RR to MR, with the scat-
ter becoming more pronounced for smaller radii. As a result,
determining the effects of different radii, initial cellular per-
turbations, and starting apex angles on the transition angles
is not immediately obvious, and some degree of arbitrariness
may exist in this determination. Transition angles appear to
be statistically meaningful only when the curvature radius is
significantly larger than the characteristic length scales of det-
onation. Otherwise, the local and isolated MR due to cellular
instabilities should be carefully taken into account in the in-
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vestigation. Meanwhile, the triple-point trajectories have been
shown to exhibit relatively consistent behavior, despite the in-
fluence of cellular instabilities.

Furthermore, it is important to re-emphasize that, for a con-
stant radius, the RR → MR transition appears to be inde-
pendent of whether the starting angle at the apex is 90◦ or
60◦. Despite the scattering caused by cellular instabilities,
the triple-point trajectories for a specific radius overlap, sug-
gesting that the trajectory is a more easily measurable phe-
nomenon with potentially fewer human errors, at least com-
pared to the influence of changing the radius. Finally, for the
particular mixture tested in this study, all cases with different
radii showed that, in the early stages of MR, the triple-point
trajectories followed a similar path. However, in the later
stages, this scaling similarity no longer holds. The non-self-
similarity observed on cylindrical convex surfaces aligns with
that seen in detonation reflection over straight wedges,8,9,11

confirming the effect of finite length scales in detonation re-
flection phenomena. For larger radii, the triple-point trajec-
tory is located closer to the cylindrical surface. Further studies
on the unsteady reflection processes of ZND planar detona-
tions and highly unsteady detonations with detailed reaction
mechanisms are needed to provide a more comprehensive un-
derstanding of the reflection phenomena.
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