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Abstract—To elucidate the influence of curvature on the mechanism governing stable detonation
waves, this study delves into the experimental and numerical exploration of gaseous detonations within
an annular channel utilizing a 2H,/0,/3Ar mixture. The investigation encompasses both empirical
observations of the cellular structure of the detonation wave through a soot-coated stainless-steel plate
and numerical simulations employing advanced methodologies. To capture the intricacies of the det-
onation phenomenon, the second-order additive semi-implicit Runge—Kutta method and the fifth-
order weighted essentially non-oscillatory (WENO) scheme are adeptly employed for discretizing the
time and spatial derivatives, respectively. The underlying chemical reactions during detonation are
meticulously modeled using a detailed reaction mechanism. The pressure and velocity contours
unveiling a nuanced picture are extracted using a numerical analysis. The inner wall divergence effect
emerges as a critical determinant, weakening the detonation strength and consequently yielding the
larger cellular structures. Contrarily, the outer wall convergence effect significantly amplifies the
strength yielding the smaller cellular structures. This intricate interplay causes the detonation velocity
to increase progressively along the radial direction. Furthermore, near the inner wall the detonation
wave manifests periodic phases of augmentation and attenuation, resulting in oscillations in both the
velocity and the pressure. A granular scrutiny of the flow field finer attributes underscores the contin-
uous regeneration and dissolution of triple points along the wave front. Notably, triple point regener-
ation predominantly occurs near the outer wall surface, while their dissipation is more proximate to
the inner wall. In the context of the stable detonation wave, equilibrium between triple point regener-
ation and decay sustains a constant triple point count on the wave front. This pivotal equilibrium
enables the self-sustaining propagation of detonation within the annular channel.
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Hydrogen combustion produces water as its main byproduct, making hydrogen energy to be a highly
promising clean energy source in the 21st century. The hydrogen energy investigations have been exten-
sively conducted worldwide since the 1970s. However, there exists a notable gap in comprehensive knowl-
edge concerning hydrogen, particularly in terms of safety concerns related to its storage, transportation,
and utilization. This study focuses on the secure transportation of hydrogen within tubes during industrial
production processes. The electrostatic forces or unidentified factors, especially within the annular
section of tube connections, can lead to ignition incidents, potentially resulting in propagation of a
detonation wave. On the other hand, a new type of power propulsion system known as the Continuous
Rotating Detonation Engine features an annular combustion chamber structure. Smirnov et al. [1, 2],
Betelin et al. [3], and Nikitin et al. [4] demonstrated the propagation of detonation waves within it
through three-dimensional modeling of rotating detonation in pulse jet engines. In this case, it is note-
worthy that within annular combustion chambers, the occurrence of Mach reflection along the outer wall
of the tube intensifies the detonation wave, subjecting the outer wall to exceptionally high pressure loads
and potential vulnerability [5—7]. Consequently, the thorough investigation of the detonation phenome-
non in the specific geometry of annular combustion chambers becomes imperative.

The well-established fact is that the detonation wave converges near the concave wall, rendering it
more robust as compared to its counterpart near the divergent convex wall [8]. Consequently, the detona-
tion strength distribution along the detonation front becomes non-uniform [9—12]. As a result, stabilized
detonation waves can propagate consistently through annular channels while maintaining a distinct
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curved shape [13—15]. This shape of the shock wave front demonstrates self-similarity for equivalent val-
ues of /A, where r, represents the curvature radius of the inner wall and A denoted the normal detonation
cell width. This characteristic holds true regardless of the annular channel specifics and the gas mixture
employed [16]. However, when the curvature radius or the initial pressure falls below a critical threshold,
the detonation wave propagates in unstable manner [17—19]. Numerical and experimental findings indi-
cate that under near-limit conditions, cellular structures exhibit periodic variations that include regener-
ation, reduction, and partial or complete disappearance [20, 21]. These variations arise from expansion
waves leading to a localized failure of the transverse structure and, consequently, the detonation process.
This phenomenon causes cellular structures near the inner wall to enlarge or even vanish [22, 23]. Subse-
quently, overdriven detonation could potentially occur via local explosions or Mach reflections near
curved channel walls. Thus, three regimes of detonation propagation are observable in annular channels,
namely, the stable, transitional, and unstable regimes. Transition from unstable to stable propagation
occurs at approximately 14 < /A <23 [16].

As the transverse wave emerging from the triple point in the Mach configuration propagates laterally
along the detonation front, it supports the primary detonation wave and contributes to the cellular struc-
ture. The natural transverse spacing is directly related to the A and is influenced by the flow fields and the
detonation strength [24]. Given the boundary conditions, the cellular structure is solely dependent on the
initial conditions of the mixture. In [25] it was discussed how various ignition source positions during the
detonation initiation initially cause irregularities in the cellular structure. With time, the structure
becomes more uniform despite the initial irregularities and the system “forgets” the initial non-uniformity
of ignition sources. In [26] it was further explored, by means of detonation simulations, how various fac-
tors such as the gas temperature and the channel width affect the cell structure during detonation, influ-
encing the behavior and size of the detonation waves. However, from the preceding discussion it is evident
that the detonation wave is significantly affected by both the expansion waves near the inner wall and the
compression effects near the outer wall. When the divergence effect originating from the inner wall
impacts the local wave front, the triple point intensity diminishes or even disappears. Consequently, near
the inner wall A increases, causing pronounced curvature of the detonation front and eventually leading
to local quenching near the inner wall. Conversely, near the outer wall the compression effect enhances
the shock wave strength resulting in the relatively smaller A. This effect supports self-sustained detonation
propagation and establishes a dynamic balance. The disruption of this balance, due to the reduced inner
radius or initial pressure, leads to transition from stable to unstable detonation propagation [15]. However,
the conclusive evidence is yet to emerge regarding how these positive and negative effects precisely influ-
ence stable detonation.

The present study delves into the impact of curvature on detonation propagation within annular chan-
nels by means of both experimental and numerical analysis. We provide experimental cellular structure
data across various initial pressures to analyze the behavior of diverse detonation propagations. To eluci-
date the self-sustained propagation mechanism of detonation waves within the annular channels, we con-
duct an intricate analysis of the detonation wave flow field, the pressure evolution, and variations in the
triple point strength.

1. EXPERIMENTAL SETUP

In Fig. 1 we have reproduced the experimental configuration designed for studying detonation wave
propagation within an annular channel. The experimental apparatus encompasses distinct sections,
namely a 1000-mm driven straight section I, a 2580-mm driven straight section II, a 180-degree annular
test section III, and a 1300-mm extended straight section IV. These sections are meticulously fabricated
from polycarbonate plates. To facilitate the introduction of different premixed mixtures, sections I and 11
are separated by an aluminum film. The channel cross-section is uniform and rectangular, measuring
30 mm X 4 mm. Notably, the annular channel features inner and outer wall radii of curvature measuring
70 and 100 mm, respectively.

A detonation is initiated using a stoichiometric C,H,—O, mixture possessing a high initial pressure
(po = 80 kPa) in section I, which serves as the driver mixture. To trigger the premixed mixture of
2H,—0,—3Ar in section I, a high voltage spark probe (with an ignition voltage of 5 kV) is positioned on
the end wall of the section. Upon ignition, an overdriven detonation wave penetrates through the alumi-
num film into section II, where direct initiation of detonation transpires. This is succeeded by relaxation
into a steadily propagating detonation wave before entering section I11. Subsequently, the detonation wave
advances through section 11, followed by the section III that constitutes an equivalent rectangular cross-
section annular channel.
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Fig. 1. Sketch of the experimental arrangement used in studying the curvature-induced behavior of detonation tests.

In each experimental trial, the pre-evacuated channel is charged with a 2H,—0,—3Ar mixture to attain
the desired pressure p,. The monitoring of p, is facilitated by the precise digital vacuum gauge (OMEGA
HHP 242-015A, 0-15 psi), boasting an accuracy of £0.10% of its full scale. Gas is thoroughly mixed in the
tank through the partial pressure for a minimum of 24 h to ensure homogeneity before being introduced
into the channel. For various 2H,—0,—3Ar mixtures, the Chapman—Jouguet (CJ) detonation velocities
(D¢;) are computed employing the Gorden—McBride code [27]. Discussing the methodology for measur-
ing detonation cell size is relevant. A standard technique for obtaining cellular structures involves using
side wall soot records, which capture the trajectories of Mach intersection points on the walls. Side wall
soot records cover a certain distance along the detonation front. Observing the detonation from a farther
distance greatly aids in identifying the predominant cell sizes. Obtaining a single representative value for
cell size from the irregular soot foil pattern is not an easy task. There exists a distribution of cells of various
sizes on the soot plate, further complicated by the fine structure of higher harmonic waves embedded
within the cells. To achieve the consistent results, we have measured cells at various positions on the soot
foil (at the same radial location) and averaged them, aiding in providing reliable values that characterize
the cell sizes for a specific mixture. Considering human factors and measurement instrument precision,
the error range in cell size measurements here does not exceed 10%.

2. PHYSICAL AND NUMERICAL MODELS
2.1. Governing Equation and Numerical Method

The two-dimensional chemical non-equilibrium Euler equations, formulated in the non-dimensional
and generalized body-fitted coordinates (&, 1), can be expressed as follows:

a_U+8_F+E)_G:S’ 2.1

ot 9 on
where
U = {0,05,.-.,0k:0, OV, E}',
F={oU, p,U...., oxU, puU + p&,, ovU + pE, U(p+E)}T,
G ={o/V, 0.V, ..., oV, puV + pn,, pvV + pm,, I7(p+E)}T,
S = {@y, My, i, 0, 0, 0},
U=uf,+vE,,

V =un,+vn,.
Here, u and v are the velocity components in the physical coordinates (x, y), p denotes the mixture

density given by the relation p = Z:ﬂ P, where p, =pY, and Y, is the mass fraction of the kth species,
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p denotes the pressure, and £ is the total energy per unit volume, calculated as £ = pzkl; Y.e, + p(u2 + v2) /2,
where e, being the internal energy of the kth species per unit mass. The mass production rate of the kth
species, denoted as m,, is given by Eq. (2.2)

NR ns ns
O =W iy = v,LJ-)(kﬁHnZ“ - kb,Hn,t“j, (2.2)
Jj=1 k=1 k=1

where NR is the number of elementary reactions, ns is the number of species, v" and v' are the stoichio-
metric coefficients for the reactant and the product, respectively, W, is the molecular weight, #n, is the
mole concentration of the kth species, and k; and &, are the rate coefficients for the forward and reverse
reactions, respectively.

To mitigate the physical oscillations and excessive numerical dissipations that may arise from
high—resolution requirements for the fine flow field structures, the spatial derivatives of the inviscid
fluxes F and G in Eq. (2.1) are discretized using the fifth-order weighted essentially non-oscillatory
(WENO) scheme [28].

For simplicity of WENO presentation, the one-dimensional convective problem is discussed based on
the following equation

U _oF
—+=—=0. 2.3
o ' oE 23

The flux vector F can be split as follows:
+ - + -
Fi=F +F =AU+AU, 2.4)

where A is the Jacobian matrix, A = g—F = RAR"' = A"+ A and A isthe diagonal matrix with the eigen-

values on the diagonal. The eigenvalues are positive in A™ and negative in A~. From Eq. (2.3) we have

a—q+al=0, (2.5)
o ok

where ¢ = R"'Uand f= R'F. In terms of the Law—Friedrichs splitting
+ _ 1
fi= S0 imqax|A|qj), (2.6)
where the maximum is taken over the relevant range of g.

In order to get adequate the flux vectors on the cell boundaries, i.e., ffﬁ 12> Which would be the key to
solve Eq (2.5), the fifth-order WENO scheme is employed. Given a location of jth cell, an interpolation
stencil covering k cells is defined by the relation

S"() = {Ij_,,...,ljﬂ},
where 7 is cell shift to the left, s is the right shift, and » + s + 1 = k. Then we have
k-1
ff‘f'rl)/2 = Zcrifji:rﬁa 2.7)
i=0

where the constants C,; are given and listed in [28].

Instead of using only one stencils, three candidate stencils are used in the fifth-order WENO scheme,
namely,

Sr(/) = {Ij—ra"':lj—r+2}r = 0’ 1> 2. (28)

Then taking a convex combination of all f ffl)/z defined in Eq. (2.7) for each stencil in the WENO
reconstruction, we obtain

2
[inp=Y 0 f (2.9)
r=0
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When the function has a discontinuity in the stencil %, the corresponding weigh ®, should be essen-
tially zero, to eliminate the spurious oscillations near the discontinuity in calculations, which leads to the
following form of weights [28]:

o, = ——, (2.10)
(XS
s=0
where
d,
A =——F>
(10" +B,)

dy=3/10, d,=3/5, d,=1/10,

Bo =1/ =25+ ) (3 4+ 1)
B :_(f/ 1 2f +f/+1) 4(f/il f;il)z:
B, = B(f L+ f ) ( A +3fﬁ)2.

Hence, the WENO scheme based on Eq. (2.9) is a uniformly high order accuracy and non-oscillatory
scheme for the problem containing discontinuities.

The second-order additive semi-implicit Runge—Kutta method [29] is used to discretize the time term
and manage the stiffness of the chemical source terms.

[ — Ata, J(Q")K, = A f(Q")+S(Q")], (2.11)
|1 = Atay (Q" + ki) | Ky = At] £(Q" + by K )+ S(Q" + er1K)) |, (2.12)
0" = 0"+ 0K, +w,K,, (2.13)

where f(Q) = —(0F /0§ +0G/dE),J =aS/dQ, I is the identity matrix, K, and K, are the intermediate vari-
able matrixes, At is the time step, a, = 1/4,a, = 1/3, b, = 1, ¢;; =5/12, and ®, = ®, = 1/2.

2.2. Computational Model

The physical domain, delineated between two concentric circles with dimensionless radii 0.7 and 1.0,
is illustrated in Fig. 2a. In [30, 31] the limitations of error accumulation in supercomputer simulations of
unsteady gas dynamic work cycles were studied. The results indicate that while the smaller time steps are
required for the entire simulation process, the coarser grid computations accumulate errors more rapidly.
The reliability of results increases with enhancement of grid resolution and scheme accuracy but decreases
with increase in physical time of the study process. Hence, a fixed 300 X 4840 grid system, with the grid
dimensions of 0.1 X 0.1 mm is utilized. The grid is finer than the 0.15 X 0.235 mm grid size employed
in [32]. The calculations were executed in a computational window shown in Fig. 2, which partially covers
the computational domain and moves along with the detonation wave. Considering the outer and inner
wall surfaces as slip, the adiabatic solid condition is defined by Eq. (2.14):

&k |, "

which depends on the wall curvature. In Eq. (2.14) the ratio U /& represents the angular velocity. Due to
stable propagation of the detonation wave, its angular velocity remains consistent, resulting in a gradient
of zero in the radial direction for the angular velocity.

The straight channel section is tangential to the annular section, and an initial self-sustained cellular
detonation wave is established within the straight channel section. When initiating the calculation, the
steady detonation wave smoothly transits into the annular section. The intricate chemical reaction mech-
anism employs an 8-component model (H, O, H,, OH, H,0, O,, HO,, and H,0,) [33] with the 48-step
elementary reaction scheme, and the thermodynamic data are sourced from the JANAF tables [27].

=0, (2.14)
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Fig. 2. Schematic diagram of the computational domain.

Fig. 3. Numerical cellular structure in the straight tube.

2.3. Numerical Validation

To verify the accuracy of the calculations, this study was aimed to compare the results with the numer-
ical computations [32] and we have performed a basic comparison to validate the computed detonation
wave speed with Eckett’s experimental results [34].

For direct comparison with the results of computations [32], in the present study we have used identical
computational domain and initial conditions: a premixed H,/O,/Ar gas mixture in a straight tube with
aratioof 2 : 1 : 3 was considered and the starting pressure and the temperature of 8 kPa and 298 K, respec-
tively, were taken. In Fig. 3 we have given the computed cell images from this study, while in Table 1 we
have compared the results obtained in the present study with those from [32]. The computed cell size in
the present study is approximately equal to 54 X 30 mm, which closely aligns with Oran’s computed size
[32] of 54 x 31 mm under the same conditions. The aspect ratio of the cells is equal to 0.556, in good
agreement with the experimental aspect ratio of 0.54 obtained in [34]. The propagation speed of the det-
onation wave is equal to 1589 m/s, exhibiting an error within the 2% range as compared to the theoretical
CJ detonation velocity (1617 m/s) computed by the Gordon—McBride program. However, it is more con-
sistent with the experimental detonation wave speed (1550 m/s) obtained in [34]. Therefore, this study’s
numerical simulations replicate the computations presented in [32] and exhibit consistency with the
experimental results from [34].

Table 1. Comparison between the current and Oran et al. results [32] for self-sustaining detonation waves

o Average speed, Cell size
Study Grid size Ax, mm Ay, mm ! W (mm) x L (mm)
Current study 2048 x 256 0.1 0.1 1595 30 x 54
Oran et al. [32] 2048 x 256 0.15 0.235 1625 31 x 54
FLUID DYNAMICS Vol. 59 No. 2 2024
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(b)

Fig. 4. Cellular structure formed by detonation wave in the annular channel at the initial pressure of 60 kPa. (a) Experi-
mentally measured; (b) numerical simulation.

3. RESULTS AND DISCUSSION

Figure 4a gives the experimental representation of the cellular structure formed by the clockwise-prop-
agating detonation wave navigating the annular channel under the initial pressure condition of 60 kPa.
Remarkably, in the immediate neighborhood of the channel entrance, the influence of the curved wall on
the detonation wave front appeared negligible, resulting in the emergence of uniform cell sizes denoted
by A. As the detonation wave proceeded along the channel, a discernible expansion of A near the inner wall
was observed, juxtaposed with a concurrent reduction in cell size near the outer wall. This intriguing
mechanism behind the formation of cellular structures intricately links to spacing of transverse waves
propagating along the wave front, a crucial determinant governing the characteristic parameter A.
The localized divergence effect stemming specifically from the inner wall played the pivotal role in dimin-
ishing the intensity of the detonation wave, consequently yielding an augmented spacing between trans-
verse waves. In contrast, the contraction area along the outer wall induced a state of overdriven detona-
tion, consequently narrowing the spacing between transverse waves. The dynamic equilibrium within the
channel arises from the intricate interplay between these opposing effects, where the equilibrium position
is notably influenced by the curvature and the initial pressure [15]. Crucially, the computed cellular struc-
ture illustrated in Fig. 4b exhibits a remarkable qualitative resemblance to the observed experimental
results depicted in Fig. 4a, affirming the consistency between the outcomes derived from experimental
observations and numerical simulations.

The curvature effect induced by the annular channel introduces a non-uniformity in the strength of
detonation wave front. Guided by the shock-change equation

0 (s _ a_u)

(2] :—paf( o (3.1)
at/s 1+p01)(@j
dpJs

where (dp/dt)_ denotes the rate of shock pressure change with time, (du/dp)_ signifies the rate of particle
velocity change with pressure along the Hugoniot curve for the unreacted material, and a,stands for the

sonic speed of the unreacted material. The density is denoted by p, andn =1 — M;, where My = D/a,.
Here, My and D, respectively, denote the Mach number and the propagation velocity of the shock wave.
In the numerator, the term X relates to the net rate at which chemical bond energy is released into the flow
through chemical relations, while 1(du/dx) pertains to the rate at which the energy is transported down-
stream by flow. Since in the adiabatic shock wave (dp/dt), > 0, the sign of (du/dp), is determined by

[2 - n(u /ax)]s. In the context of an adiabatic shock wave in an inert medium, X = 0, yielding:
dp) ( du)
sgn|—| =sgn|[-n—]| . 3.2
g ( ar). gn|-n-~ S (3.2)

Given that n > 0, when (du/dx) > 0 (indicative of fluid expansion post-wave), the strength of the
shock wave will diminish, and the energy will transfer to the post-wave.

If the flow field beyond the wave sustains (du/dx) = 0 due to piston-induced compression, the shock
wave can propagate steadily. Here, X is intricately linked to the chemical reaction. In the case of exother-
mic reactions with growing molarity, we have X > 0. This phenomenon can bolster the shock wave
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Fig. 5. Experimentally measured cellular structures under the initial pressures of 70 (a), 45 (b), and 30 kPa (c).

strength, implying that a portion of the chemical reaction’s heat is utilized to support the shock wave prop-
agation. For the annular channel, the outer wall serves as a converging surface, which exerts a compressive
influence on the flow field. This compression leads to a notable escalation in the chemical reaction rate.
Consequently, the rapid surge in the chemical reaction rate effectively amplifies the strength of detonation
wave in this region, resulting in reduced A. Conversely, the convex diverging nature of the inner wall
engenders the expansion effect on the flow field, yielding a weaker detonation wave and larger A. Consid-
ering the combined effect of divergence and convergence for the inner and outer walls, A continuously
decreases along the radial direction, while the strength of the detonation wave front steadily intensifies.
Whether near the inner or outer wall, the circumferential direction maintains a relatively uniform A, sig-
nifying that the detonation wave strength remains fairly.

Figures 5a, 5b, and 5c illustrate the experimental cellular structures observed within the annular
channel under varying the initial pressure conditions with the clockwise-propagating detonation
waves. In Fig. 5a, as the detonation wave penetrates the annular section, a uniform A with the width of
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Fig. 6. Numerical simulation of the contours of pressure for the detonation flow field at various instants: = 287.43 (a),
t=287.71 (b), and = 288 s (c).

2.4 mm is evident at the initial pressure of 70 kPa. This A is comparable to that observed in the straight
channel. Subsequent propagation introduces the curvature effect, causing A to gradually diminish along
the radial direction. Given the earlier analysis, it is evident that A serves as the characteristic parameter
signifying the sensitivity of detonation, with an inverse correlation to the detonation strength. Around the
105° mark, the A near the inner wall extends to about 4.1 mm, a value of 1.8 times larger than that within
the straight channel operating under the same initial pressure. Conversely, the smallest A near the outer
wall reduces to nearly two-thirds of its original size. Afterward, A experiences no further alterations. As the
initial pressure diminishes to 45 kPa (Fig. 5b), the A proximal to the inner wall continues to increase and
ultimately vanishes around the 155° point. This phenomenon emerges because near the inner wall the det-
onation wave front encounters a critical curvature that induces local quenching of the detonation. Conse-
quently, the leading shock wave and the chemical reaction front disengage within this specific zone. How-
ever, at this juncture, the transverse wave originating from the outer wall ignites the unburnt mixture
within the decoupling zone (which is pre-compressed by the leading shock wave). This process gives rise
to a band of cellular structures extending from the outer to inner wall. In proximity to the inner wall, the
regenerative detonation is overdriven, leading to the production of finer cellular structures. Upon further
reduction in the initial pressure to 30 kPa (Fig. 5c), the observations indicate the presence of cellular
structures near the outer wall, characterized by smaller sizes as compared to A within the straight channel.
Additionally, the width of the region housing these cellular structures remains consistent along the radial
direction. In [35] detailed numerical simulations were carried out to elucidate the morphology of these
cellular structures. The findings revealed that this morphology arises from a stable detonation-shock front
configuration. The stable configuration typically features a broad curved wave originating at the inner
wall, often connected to the outer wall boundary by means of the stable Mach stem. The measured cellular
structures from experiments indicate that when the initial pressure is higher than 50 kPa, the detonation
wave can propagate with a stable wave-front within the annular channel.

In Fig. 6 we have numerically calculated the pressure contours for the detonation flow field at various
instances, all under the initial pressure of 60 kPa. In each image, the red curves superimposed represent
the chemical reaction surface (depicted by 99% reactant depletion contours). An analysis of Fig. 6 reveals
that, in proximity to the inner wall, the leading shock front detaches from the chemical reaction surface.
Along the radial direction, the distance between the leading shock and the chemical reaction zone grad-
ually diminishes, indicating a progressive surge in the detonation wave strength. Additionally, it is appar-
ent that the spacing of transverse waves near the inner wall significantly surpasses that observed near the
outer wall. Notably again, the maximum spacing between adjacent transverse waves dictates the cellular
width, and inversely correlates with the detonation strength (A). The growing gap between the leading
shock front and the chemical reaction surface near the inner wall results in the emergence of a substantial
zone filled with the unburned mixture. This phenomenon is particularly pronounced when the mixture
sensitivity declines or the divergence effect of the inner wall amplifies. Activation occurs in the unburned
mixture as the Mach reflection of the transverse wave emanating from the inner wall generates the elevated
temperature and pressure levels. Consequently, the transverse wave reflects off the inner wall surface and
subsequently propagates toward the outer wall. In the neighborhood of the outer wall, where the geomet-
rical compression effects maintain the state of overdriven detonation, the close coupling of the chemical
reaction front to the shock wave serves as compelling evidence.

The inherent instability of the detonation wave becomes evident through interactions between the tri-
ple points that lead to an unstable pressure and velocity distributions along the wave front. Figure 7
numerically graphically displays the evolution of the velocity and the pressure at various locations within
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Fig. 7. Numerical simulation of the evolution of the velocity and the pressure in the annular channel: velocity (a) and pres-
sure (b).
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Fig. 8. Evolution of a triple point along the detonation wave front during a single cycle obtained by numerical simulation.

the annular channel. The vertical axes show the velocity and the pressure, while the horizontal axes cor-
respond to the circumferential angle of the annulus. When considering Fig. 7, it is apparent that both the
velocity and the pressure associated with the detonation wave undergo substantial periodic oscillations.
In the radial motion, the velocity and pressure amplitudes arrange themselves in decreasing order of mag-
nitude namely, the inner wall, the central axis, and the outer wall. This arrangement stems from occur-
rence of the Mach reflection, facilitated by the interaction of transverse waves with the inner wall. This
interaction ignites the nearby unburned mixture, resulting in the instantaneous release of significant
chemical energy. Consequently, there is a rapid surge in the pressure that drives a pronounced increase in
the detonation wave velocity. In the neighborhood of the outer wall, the detonation wave remains consis-
tently overdriven, with its leading shock directly igniting the mixture in its path. Since the region of
unburned gas between the leading shock and the chemical reaction surface remains relatively small, the
fluctuations in energy release are comparatively mild. As a result, this leads to the minimum pressure and
velocity amplitudes. On the central axis of the channel, the competing effects of divergence and compres-
sion from the inner and outer walls form the dynamic balance. In essence, once this equilibrium is
achieved, the magnitudes of the pressure and velocity fluctuations align with those observed in the straight
channel. Moreover, the average velocity and pressure follow a descending order of magnitude, namely, the
outer wall, the central axis, and the inner wall. To ensure stable and self-sustaining propagation of the det-
onation wave with a uniform rotational angular velocity, it is imperative that the linear velocity of the det-
onation wave front along the radial direction increases continually. These dynamics are facilitated by the
substantial chemical reaction release near the outer wall, that ensures the sustained propagation of over-
driven detonation which attains the highest value of the average pressure.

Figure 8 numerically depicts the interaction of triple points along the detonation front, illustrating the
process of pressure oscillation within a single cycle. Initially, triple point A; moves from the outer wall
toward the inner wall. It undergoes continuous collisions with the triple points traveling in the opposite
direction, leading to gradual increase in the pressure from 1150 to 1280 kPa (at A,). In proximity to the
inner wall, where the shock wave disengages from the chemical reaction surface, the effective collisions
are limited, causing a decrease in the strength. Consequently, the pressure experiences a reduction to
965 kPa (at A;). The triple points are further weakened or even eradicated by rarefaction waves originating
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Fig. 9. Location for generation and disappearance of triple points along the detonation front by obtained numerical sim-
ulation.

from the inner wall. After the transverse shock wave collides with the inner wall surface, the resulting high
temperature and pressure ignite the unburned mixture, leading to a rapid pressure surge. This sequence
culminates in the pressure peak of 1435 kPa. This collision, recognized as a strong Mach reflection event,
can initiate a new triple point (B,) that progresses toward the outer wall. As the triple point advances to
the outer wall, it continuously collides with others, maintaining the pressure stability around 1200 kPa
(at B,). Subsequent to the collision with the outer wall, the cycle recommences. Importantly, near the
outer wall, small perturbations on the Mach wave intensity can gradually amplify, ultimately forming new
triple points (area C). Additionally, strong triple points have the capacity to engulf weaker ones, leading
to reduction in their number (area D).

The presence of the triple points serves as the crucial indicator of consistent propagation of the deto-
nation wave. Figure 9 visually illustrates the points at which triple points emerge and vanish along the det-
onation front within the annular channel. In this figure, the horizontal coordinate corresponds to the cir-
cumferential angle, while the vertical coordinate depict the radial distance extending from the inner wall
towards the outer wall. When observing the figure, it becomes apparent that both the inner and outer walls
can give rise to new triple points. In proximity to the outer wall, the amplification of minor disturbances
facilitates the formation of triple points moving towards the inner wall. Conversely, near the inner wall,
periodic occurrence of triple points is attributed to Mach reflection that directs them towards the outer
wall. The expansion waves stemming from the inner wall have the potential to weaken the intensity of det-
onation wave. Consequently, within this region the triple points tend to diminish or even dissipate, com-
parable to the effect of an acoustic absorption wall. Another scenario emerges when two adjacent triple
points collide, potentially leading to their merger and a subsequent reduction in the overall number of tri-
ple points. This phenomenon is most prominent in the vicinity of the annulus’ axis. Overall, the cyclical
appearance and disappearance of triple points across the entire wave front sustain equilibrium. This
dynamic equilibrium is instrumental in ensuring that the detonation wave maintains a consistent velocity
throughout the annular channel.

SUMMARY

The present study presents a comprehensive exploration of the characteristics of steady detonation
wave propagation within an annular channel, utilizing a combination of experimental and numerical
investigations. Employing the two-dimensional Euler equations coupled with detailed finite-rate chemis-
try, numerical simulations were carried out using the fifth-order weighted essentially non-oscillatory
(WENO) scheme and the semi-implicit Runge—Kutta method. The experiments were analyzed by means
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of observations of the cellular structures imprinted on soot-coated stainless steel plates. This leads to the
following key conclusions:

1. Non-uniform detonation front strength: The curvature of the annular channel introduces geometric
effects that render the detonation front strength uneven. As the radial direction is traversed, the average
velocity of the detonation wave progressively increases. However, the circumferential angular velocity
remains relatively constant. This balance in the angular velocity facilitates the sustained and stable prop-
agation of the detonation wave along the annular channel.

2. Oscillatory behavior of the detonation wave: Periodic oscillations in the propagation speed and pres-
sure are observed near the inner wall of the annular channel. These fluctuations can be attributed to the
alternating enhancement and weakening of the detonation wave, primarily driven by the intense heat
release from the unburned mixture close to the inner wall. The resulting variations in the heat and pressure
generate the observed oscillations in the wave’s behavior.

3. Role of triple points: The presence and the behavior of triple points hold paramount significance in
understanding the steady propagation of the detonation wave. While most triple points are generated near
the outer wall due to amplification of small perturbations, some are produced through Mach reflections
on the inner wall. Occasional collisions between the neighboring triple points can lead to their fusion,
resulting in decrease in their number. Moreover, the influence of the expansion waves from the inner wall
can either attenuate or eliminate the triple points. The constant number of triple points along the wave
front emerges as the key factor in maintaining the wave’s steady propagation.

In essence, this paper contributes to the deeper understanding of detonation wave dynamics within the
annular channels, uncovering the interplay of geometric effects, heat release, and triple point interactions.
The combination of experimental insights and numerical simulations provides a comprehensive view of
the complex phenomena involved in the steady detonation wave propagation. These findings not only
enhance our knowledge of combustion dynamics but also offer valuable insights for the design and opti-
mization of systems relying on controlled detonation processes, with potential implications for advance-
ments in energy production and utilization.
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