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Abstract Three-dimensional (3-D) detonation structure
transformations from rectangular and diagonal modes into
spinning modes in a narrow square tube are investigated
by high-resolution simulation. Numerical simulations are
performed with a Riemann solver of the HLLC-type, new
cell-based structured adaptive mesh refinement data struc-
ture, high-order, parallel adaptive mesh refinement reactive
flow code. A simplified one-step kinetic reaction model is
used to reveal the 3-D detonation structure. The four differ-
ent types of initial disturbances applied in the ZND profiles
lead to the structures of rectangular in phase, rectangular
out of phase, rectangular partial out of phase and diagonal,
respectively, during the initial stages of detonation propaga-
tion. Eventually, all these detonation structures evolve into
the self-sustained spinning detonations. The asymmetric dis-
turbance leads to a stable spinning detonation much faster
than the rest. The important features in the formation of
spinning detonation are revealed using a 3-D visualization,
and a remarkable qualitative agreement with experimental
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and numerical results is obtained with respect to the trans-
verse wave dynamics and detonation front structures. The
transverse wave collisions produce the unburnt gas pock-
ets and the energy to sustain the detonation front propa-
gation and distortion. The periodic pressure oscillation of
front plays a complex role as it shifts the reaction zone struc-
ture with an accompanying change in the driving energy of
transition and the detonation parameters which result in the
more distorted front and the unstable detonation. Eventu-
ally, the unstable distorted detonation evolves into a spinning
detonation.

Keywords Three-dimensional simulation - Transverse
wave dynamic - Detonation modes - Spinning detonation -
Initial disturbance

1 Introduction

A detonation is a shock-induced supersonic combustion
regime which consists of a discontinuous hydrodynamic
shock wave supported by an exothermic reaction. All self-
sustaining gas phase detonations front exhibits complicated
three-dimensional (3-D), time-dependent structures with
interior multiple transverse waves [1,2]. The classical det-
onation front is a wrinkled leading shock, in which the triple
point joints the alternate stronger Mach stem, the weak inci-
dent wave and the transverse wave. The instabilities of the
detonation lead to the development of triple lines along the
precursor shock. These triple lines have different transverse
velocities and, consequently, collide with each other. The
trajectories of the triple lines form the so-called cellular pat-
tern which is the characteristic feature of detonations. The
detailed structures and properties of three-dimensional deto-
nation waves have been studied experimentally and numeri-
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cally. There have been many advances in the detonation mod-
eling and experimental characterization, and both numerical
and experimental studies have revealed that at least three
types of structures of detonations can be produced, namely,
rectangular, diagonal, and spinning modes [3-7].

Extensive experiments have been carried out in rectan-
gular or square ducts; Strehlow [3] proposed a rectangular
mode which was verified by Takai et al. [4]. Hanana et al.
[5] have recently shown the existence of the rectangular in
phase, rectangular out of phase and diagonal cellular deto-
nation front structures. Lee et al. [6,7] discovered the detail
structures of a single-headed spinning mode through detona-
tion experiments in a square duct.

However, due to limitations in obtaining sufficient accu-
rate experimental diagnostic tools, experiment could not
clearly substantiate the complete transient flow field of phys-
ical and chemical state variables and the 3-D phenomenol-
ogy of detonation. Numerical simulations thus act as com-
plements to experiments for the study of complex detona-
tion structure. Simulations of planar detonation structures
are seen in such simulations (Mach et al. [8], Bourlioux et al.
[9], Oran et al. [10], Gamezo et al. [11], Sharpe et al. [12],
Hu et al. [13], the latest by Mahmoudi et al. [14] and Kessler
et al. [15], as well as in references therein). The majority
of two-dimensional unstable detonation simulations present
qualitative insights into the cellular detonation and repro-
duce the transverse wave trajectories observed from experi-
ments. Nevertheless, 3-D detonation structures such as spin-
ning modes and diagonal modes as well as many important
features such as slapping waves of the rectangular modes can-
not be described in two-dimensional simulations. Moreover,
advancements made in numerical algorithms coupled with
the rapidly decreasing cost of computation make 3-D simu-
lations a viable approach to explore the detonation structures.
Thus, the simulations of 3-D detonation structures [16—26]
have been presented in recent years.

3-D detonation simulations in the rectangular duct have
been originally performed by Williams et al. [ 16]. Their simu-
lations showed that a rectangular out of phase structure of det-
onation front is much more complicated than that of the two-
dimensional case. Over the past decade, Tsuboi et al. [16-21]
and collaborators have carried out numerous 3-D simulations
of the detonation structures in both circular tubes and square
tubes, including detailed propagating detonation structures
in different detonation modes, detonation front structure and
formation of keystone and unburned pockets behind the deto-
nation front. In particular, the spinning detonations have been
intensively studied in both circular tubes and square tubes by
Tsuboi etal. [19-21]. It has been found out that the transverse
detonation plays an important role in the spinning detona-
tion propagation. The rest of the 3-D simulations about det-
onation have reproduced all experimentally observed types
of detonations, namely rectangular in phase, rectangular out
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of phase, and diagonal and investigated the detonation front
structures [21-26]. Their computation showed the important
features of those detonation modes and a good qualitative
agreement with the available experimental and numerical
data.

Most of the previous 3-D simulations focus on describing
the structure of the different types of detonation while few
deals with the potential transformations among these detona-
tion modes and the drives of the detonation front evolution.
Moreover, the mechanism of onset of the single-head spin-
ning detonation in a narrow duct is not clear. However, a few
works on this issue have been conducted by the numerical
studies for square tubes. Dou et al. [26] attempted to iden-
tify the transformation between a diagonal and a spinning
detonation in their 3-D simulations, because of the limited
number of cases and the absence of the sufficient resolution;
the result cannot be regarded as a conclusive. Besides, there
is an absence of the detail about when and why the diag-
onal mode evolves into a spinning detonation. Therefore,
the dynamic evolutions of the detonation flow towards the
rectangular or diagonal structures, and transformations from
these structures to spinning detonations in a narrow duct are
necessary to study through the further computational resolu-
tions as well as the mechanisms of onset of the single-head
spinning detonation in a narrow tube.

In this paper, we investigate the 3-D detonation struc-
ture transformations from rectangular and diagonal modes
into spinning detonations in a narrow square tube, in which
the spinning detonations are produced using different types
of initial disturbances. Based on the simulation results, the
details about when and why the rectangular (in phase, out of
phase and partial out of phase) and diagonal structures evolve
into the spinning detonations are discussed.

2 Schematic of rectangular, diagonal and spinning
detonation structures

Based on the previous numerical and experimental results
[5,6,20], here we give the descriptions of the rectangular,
diagonal and spinning detonation structures and redraw the
schematic of the both structures and the movement of the
triple line in a period of a mode cycle as shown in Fig. 1. The
rectangular structure is characterized by orthogonal waves
travelling independently on the walls of flow domain, by the
straight triple lines emanating from the leading front that
move parallel to the opposite walls, and by the “slapping
wave” exhibiting on the detonation cells (see Fig. 1a, b). The
diagonal structures are characterized by the transverse waves
moving along the diagonal line of diagonal front, the diago-
nal triple lines formation on the normal to the diagonal and
the absence of the distinct “slapping wave” on the walls as
shown in Fig. 1c. A structure is “in phase” means that triple
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Fig. 1 Schematic of the typical
detonation structures and the \ 4
movement of the triple line in a - o
period of detonation cycle. The 7
black and gray arrows represent
the Mach stems and incident
shock, respectively. V and H
denote for vertical and
horizontal wall, respectively. V
and H are two adjacent walls /
a rectangular in-phase mode,
b rectangular out of phase (a)
mode, ¢ diagonal mode,
d spinning mode
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line collisions of the both families of triple line (the apex of
the both orthogonal structures) locate in the same duct cross
section (Fig. 1a is rectangular in phase); otherwise, it is an
“out of phase” structure (Fig. 1b is rectangular out of phase).
The single-headed spinning structure in a rectangular duct is

composed of a transverse wave rotating around the circum-
ference of the wall, two orthogonal triple lines propagating
partial out of phase, a transverse harmonic superimposing on
the spinning head and perturbing the circumferential rotary
motion [6,20] (see Fig. 1d).
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3 Physical and numerical models
3.1 Governing equations and numerical methods

The Euler equations for 3-D unsteady reactive flows were
solved numerically. For the sake of simplicity, the chemical
reaction is taken as an exothermic irreversible one-step reac-
tion that obeys the Arrhenius law. The unburned and burned
gases are assumed as an ideal gas and have the same mole-
cular weights and Lewis numbers. The governing equations
can be written as

ap d
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o +8x.,' (puiuj + péij) 2)
9 (pE)

2 (u; (0E -0, 3
5 +3x,(”’(p + p)) A3)

0 0
3 (pZ) + E (,oujZ) =—kp (1 —Z)exp(—E4/RT).
4)

We consider the gas mixture to be a perfect gas, so that the
state equation is

p = pRT, (&)
and the total energy E is given by the formula:

E=—" _fa-zq+ie 6)
py—1) 2

where p denotes density, u#; denotes the component of the
velocity in the x; direction, p is pressure, §;; denotes Kro-
necker symbol (§;; = 1ifi = j, and §;; = 0 otherwise),
Kk 1is the pre-exponential factor (frequency factor), E 4 is the
activation energy for reaction, Z is fuel mass fraction of
the products, T is temperature and ¢ is the heat of reac-
tion. The total energy and internal energy are related as
E = e + (uju;)/2, where e is internal energy.

The thermodynamic and hydrodynamic quantities are
non-dimensionalized before solving the above equations,
and the non-dimensionalization process is described in [27].
A time-operator splitting approach (or the method of frac-
tional steps) [22,25] and [27] is used to decouple the reactive
source term and the hydrodynamic transport term numeri-
cally [22,25] and [27]. A high-resolution finite volume dis-
cretization is used to achieve a proper upwinding in all fields
of flames, shocks, and detonation fronts. The cell-face con-
vective fluxes are calculated by the Harten, Lax, and van
Leer with contact restoration (HLLC) approximate Riemann
solver. HLLC Riemann solver is extended to a second-order
accurate method with MUSCL-type TVD variable extrapo-
lation technique. The semi-discrete formulations of hydro-
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dynamic transport equations are integrated in time using
a third-order accurate, three-stage explicit Runge—Kutta
scheme.

A new proposed reconstruction method is used for eval-
uation of the fluxes through the bounding faces of a con-
trol volume [27]. To simulate detonation waves in high-
resolution within a reasonable amount of computational cost,
we employ an adaptive mesh refinement (AMR) method, in
which the mesh is dynamically refined at shock waves, flames
and detonation fronts. A new cell-based structured adaptive
mesh refinement (CSAMR) data structure is employed for
implementation and parallelization of our AMR code. Details
about the governing equations and numerical algorithms are
given in Refs. [25,27]. While studying detonation reacting
flows incompatible with the normal detonation, one always
has to make sure that the physical instabilities are not numer-
ically driven. The code for reactive Euler flow has been vali-
dated for unsteady flows embodied shock wave and detona-
tion wave in 2-D and 3-D [25,27], and the numerical results
are in well agreement with various results reported previously
in the literature.

3.2 Computational domains and initial conditions

In the following sections, we present the numerical result
for transverse wave evolutions in the narrow square tubes, in
which we utilize AMR data structure within an implementa-
tion of an AMR solver. All computations use the ZND solu-
tion as the initial condition, and y = 1.2, E4 = 10,9 = 50
and overdriven factor f = 1.2 is considered here. The
half-reaction length of the ZND profile is used as the ref-
erence length Lieference and the reference time freference 1S
Lyeference / ~/RTo. Using one-dimensional ZND theory, we
can estimate that half-reaction length is about 0.2 mm at ini-
tial condition with pp = 1kPa and Ty = 300K. The Von
Neumann point is placed at x = 12 on the computational
domain with dimensions of [0, 24] x [0, 4] x [0, 4]. The
15 % pressure increase has been added in a pocket as the
initial perturbation to accelerate the growth of the flow insta-
bilities. Figure 1 shows the computational domain and the
structures of initial disturbances (Case A, B, C and D) are
used to produce rectangular (in phase, out of phase and par-
tial out of phase), and diagonal structures during the initial
stages of propagation. The grid resolution was tested ini-
tially to maintain high resolution to understand the detailed
3-D structure of the detonation [25]. The adaptive grids have
192 x 32 x 32 cells at the coarsest level and two additional
levels of refinement such that the average number of compu-
tational cells is about 3,400,000 for all four cases. A constant
inflow with — D¢y is applied at the left, the reflected outflow
conditions at the right boundary. The adiabatic and slip wall
boundary conditions are used at all other sides.
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Fig. 2 Schematic of the A, B, C',D'
structures of the initial
perturbation within pockets of Detonation front o
15 % pressure increase and the
computational domain.
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4 Results and discussions
4.1 Rectangular in phase to spinning detonation (Case A)

The structure of initial perturbation in case A is introduced in
Fig. 2. By applying this perturbation, a rectangular in-phase
structure emerged at the early stage of computation. The typi-
cal shock wave structures are observed in each boundary wall.
The triple lines appear at the boundary between the Mach
stem and the incident shock wave. In Fig. 3a, we can observe
the appearance of a system of two orthogonal triple lines, a
spherical Mach stem and an incident shock. The two orthog-
onal triple lines move along the front parallel to Y direction
and Z direction, and the incident shock collision with the two
neighbouring walls produces a new spherical Mach stem. The
similar waves are observed in each two neighbouring walls.
The two Mach stems propagate along the front diagonal and
in opposite directions as shown in Fig. 3b. The triple lines are
divided into two subsections with position differences caused
by the collision of the triple lines and the spherical Mach stem
(see Fig. 3c). The Mach stem and the incident shock inter-
change their roles via this collision as the detonation prop-
agates. The triple lines move to another two neighbouring
walls in phase as shown in Fig. 3d, and the similar evolution
of front is observed as above. The cycle time of rectangular
in-phase mode is approximately 2.5 times freference -

The localized explosions and shock—flame interactions
lead to detonation front instabilities which strengthen flow

instabilities. The symmetry of the two orthogonal triple lines
breaks down, and the triple lines reach each opposition of
original wall at the different time (out of phase) (see Fig. 4a—
¢). In addition, the corner spherical Mach stem moves to
the centre of the wall. Due to the sustained energy, the det-
onation forms a stable propagating mechanism, which is a
spinning detonation. The formation of a self-sustained spin-
ning structure is observed at t = 40.8333. The detonation
front is mainly composed of three Mach stems, one incident
shock and various small irregular shape Mach reflections (see
Fig. 4e). Each collision of the transverse shock and vertical
triple line with the sidewall produces high-pressure area or
forms a strong explosion centre, which changes the rotating
direction of transverse detonation and sustains the detonation
propagation (see Fig. 4d and f).

Figures 5 and 6 show the evolution of the spinning front
and pressure contours during one period. The complex Mach
reflection and transverse detonation are present with two
transverse waves perpendicular to each other. The unburned
gas pocket and the explosion center, which accelerates the
growth of the flow instabilities in spinning detonation, pro-
duce the irregular detonation front and variable phase differ-
ence. However, the main characteristics of spinning detona-
tion are still present, and its rotating direction is constant. As
the sustained spinning detonation develops, it appears that
most of the phase difference is close to 90°. Subsequently,
the detonation front presents a periodic structure evolution
identical to “Fig. 3” of Tsuboi et al. [20]. It is also found
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Fig. 3 Evolution of the rectangular in phase structure during one period. The gray isosurface denotes the detonation front and the wall surface

represents pressure contours
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Fig. 4 Evolution of the detonation fronts (from rectangular in phase to spinning structure)
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Fig. 5 Spinning detonation front at various times. The gray isosurface denotes the detonation front and the wall surface represents pressure contours
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Fig. 6 Rear view of Fig. 5. The green space isosurface in pressure is the pressure of 45

that the reflected shock extended backwards into the burned ~ stronger flow instabilities of this case. Among them, the main
gas in Fig. 5f and it agrees well with results in both experi-  triple lines and Mach stems are stronger than the rest. We can
mentally by Edwards et al. [28] and numerically by Tsuboi  see from Fig. 6 that the spinning front happens to take on a
et al. [20]. However, a multitude of triple line and smaller counterclockwise rotation, and the explosion areas are also
Mach stems have emerged on the front, which caused by the =~ observed away from the leading front.
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Fig. 7 Maximum pressure
history on the tube walls at
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Figure 7 shows the maximum pressure history on the side
walls at the various stages of detonation evolution. Similar
patterns are formed on the two adjacent walls (Z = 0 and
Y =0,Z =4 and Y = 4) at the stage of rectangular in-
phase mode. The slapping waves in the transverse direction
appear in Fig. 7a. This is indeed observed from Fig. 3, and
it was confirmed by the experiment of Hanana et al. [5]. The
transition from rectangular in phase to spinning detonation
happens at around X = 400. Figure 7b displays the spin-
ning detonation pattern, where the track is the recording of
the maximum pressure on the side walls. The track angle of
the spinning detonation is around 40°. A single-headed spin-
ning detonation pattern, which is observed experimentally
and numerically in a square channel, has the single helical
trajectory of the spin head [6,20]. Comparing the present
simulation with those in [20], the hydrodynamic instability
is stronger than that of [20], which is observed from Fig. 5. In
addition, the present one-step reaction exists stronger intrin-
sic physical instability as compared with a detailed chemical
reaction model [26]; as a consequence, the detonation front is
more unstable and distorted. Thus, the distinct single helical
trajectory is not observed in the present simulation. How-
ever, the similar features are present with these tracks in a
helical line. The maximum pressure tracks are in a helical
line but with a tail which is due to track of the reflection
of the triple line collisions (see Fig. 7b). In addition, it can
be seen that the similar patterns are formed after X = 455
and, therefore, the spinning detonation is sustained and
stable.

4.2 Rectangular out of phase to spinning detonation
(Case B)

A rectangular out of phase perturbation is applied to accel-

erate the growth of the flow instabilities (see Fig. 2b). This
perturbation leads to the formation of a rectangular out of
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phase structure, which is different from the rectangular out
of phase structure in large rectangular duct in [5]. The median
pressure increasing pocket spreads to both sides and decay
rapidly. Thus, the lateral pressure pockets dominate the front
structure and produce a pair of triple lines parallel to Z direc-
tion in the front view of Fig. 8a—d. The triple lines propagate
along the front perpendicular Z direction. When the triple
lines reach the wall, the direction of propagation changes to
be opposite due to the collision between a triple line and a
wall. By the time r = 30.4167, a system of the two orthogo-
nal triple lines and a Mach stem is formed, similarly to case
A. However, the location and strength of the Mach stem are
different from case A. Subsequently, the similar evolution of
detonation is observed (see Fig. 8f). Finally, the detonation
becomes spinning structure at 1 = 37.9167, which is less
than the time of case A. A similar spinning structure evolu-
tion with multitudes of triple line and various small irregular
shapes of Mach stem is also observed (not shown here). It is
interesting to observe that typical feature of spinning (three
Mach stems and one incident shock separating by the triple
lines) is not apparent, occasionally.

Figure 9 shows the maximum pressure history on the side
walls at the various stages of detonation evolution. Due to
the width of the pockets of pressure increase, two transverse
waves emerge at ¥ = 4 in Fig. 9a. When a transverse wave
approaches the wall of ¥ = 0, the collision of transverse
wave with the wall produces a large-area track at Y = 0. This
kind of pattern is not changed until the front transformed into
a rectangular in-phase structure. The transition to spinning
detonation happens at around X = 375. Figure 9b displays
the spinning detonation pattern which is almost same with
case A but with a phase difference of 180°. The track angle
of the spinning detonation is around 38°. The spinning front
happens to take on a counterclockwise rotation, and prop-
agates with a certain frequency that could be changeable
within two cycles.
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Fig. 8 Evolution of the detonation structure. The gray isosurface denotes the detonation front and the wall surface represents pressure contours

Fig. 9 Maximum pressure
history on the tube wall at
various locations. The direction
is from left to right

4.3 Rectangular partial out of phase to spinning
detonation (Case C)

A rectangular partial out of phase perturbation is applied to
accelerate the growth of the flow instabilities (see Case C in
Fig. 2b). This perturbation leads to the formation of rectan-
gular out of phase structure, but a pair of triple lines is not
parallel to Z direction due to this asymmetrical perturbation
(see Fig. 10a). The front structure transforms into rectangular
in phase at# = 9 as shown in Fig. 10b. Finally, the detonation
evolves into spinning detonation att = 17 (see Fig. 10c). Itis
possible that due to the asymmetry of initial perturbation, the
spinning detonation emerges in the shortest time compared
to other three cases. Similar spinning detonation structure is

Pressure

540 560 580 600

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

also present in Fig. 10c—f, and the reflected shock extends
backwards into the burned gas (see Fig. 10e, f). The spinning
front also takes on a counterclockwise rotation.

Figure 11 shows the maximum pressure history of spin-
ning detonation. The spinning detonation pattern is similar
with case B. The transition to spinning detonation happens
at around X = 200 and the track angle of the spinning deto-
nation is also around 38°.

4.4 Diagonal to spinning detonation (Case D)
The structure of initial perturbation in case D is introduced in

Fig. 2. Figure 12 shows a detonation wave front and pressure
contours at the early stage of the computation. The collisions
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Fig. 10 Evolution from the rectangular partial out of phase to the spinning structure. The gray isosurface denotes the detonation front and the

wall surface represents pressure contours

Fig. 11 Maximum pressure
history of spinning detonation
on the tube wall. The direction
is from left to right
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of the triple lines and explosions occur at a corner as shown in
Fig. 12b, and the high-pressure shock front is generated. The
shock wave reaches a corner, and a Mach stem is produced
due to the reflected shock. The shock waves and Mach stems
propagate diagonally and in the same direction. When a pair
of shock front collides with each other at the diagonal line,
a pair of new Mach stems is produced as shown in Fig. 12d.
This new Mach stem propagates along diagonal directions.
When the two Mach stems meet as shown in Fig. 12f, the new
stronger Mach stem dominates the direction of propagating.
The detonation front is composed of two pairs of Mach stems
and one pair of incident shock waves as well as reflected
shock. The cycle time of diagonal mode is approximately
9.1667 times freference and a partial change in the detonation
front occurs later.

Figure 13 shows the rear view of the detonation front evo-
lution, and the green space isosurfaces indicate the high-
pressure areas at 45. It can also be seen from Fig. 13 that
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there is a quasi-symmetrical structure within the diagonal
structure. The quasi-symmetry breaks down, and the col-
lisions of the triple lines drift off the diagonal lines soon
afterwards. The disturbance is intensified by the irregular
high-pressure area, which accounts for the disappearance of
quasi-symmetrical.

Figure 14 shows the maximum pressure history on the side
walls at the various stages of detonation evolution. Similar
patterns are formed on the two adjacent walls (Z = 0 and
Y =0,Z =4andY = 4) atthe stage of diagonal detonation.
This was indeed confirmed by the experiment of Hanana et
al.[5]. This pattern breaks down when the detonation front
propagates at around X = 400. The diagonal detonation
transitions to spinning detonation at around X = 470. The
spinning detonation pattern is shown in Fig. 14b, where the
track is the recording of the maximum pressure on the side
walls. The track angle of the spinning detonation is around
40°. When the transverse detonation and triple line collide
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Fig. 12 Evolution of the diagonal detonation front at the early stage of the computation. The gray isosurface denotes the detonation front and the

wall surface represents pressure contours

with Z = 4 and Y = 0, a strong explosion appears near
the two side walls leading to a track labeled by 1 due to
high pressure. The transverse detonation changes the rotating
direction upward. As it propagates, the next collision (track
2) happens at the walls of Y = 4 and Z = 0. This collision
will change the rotating direction toward the bottom. It is
clearly seen that the maximum pressures are less than those
in case A, B and C.

4.5 Transverse waves dynamics

The detonation front structures depend on the types of ini-
tial disturbance, which will produce flow instabilities in the
leading shock front. Flow instabilities strengthen the detona-
tion front instabilities which, in turn, result in the irregularity
of the front structure. Hydrodynamic instability analysis of
detonation waves shows that g, E4 and f are the key detona-
tion parameters which act as the detonation flow dynamics.
The present parameters have been used in numerous previ-
ous numerical studies [14,25]. However, the results of the
2-D and 3-D simulations are inconsistent. It is clear that the
detonation structure is quite regular in two-dimensional sim-
ulation [14] and totally differs from the irregular structure
of detonation in [25]. As mentioned above, it is found that
the transverse shocks play an important role in the detona-
tion propagation. Based on the results of simulations, we try
to clarify the transverse waves dynamics in the 3-D deto-

nation propagations and its role in the detonation structure
transformations.

Figure 15 displays the detailed structures of the head of the
detonation with transverse waves on the walls corresponding
to Fig. 13. There is a one-to-one correspondence between the
triple points (A—H and 1-5) in Fig. 15 and the intersection
points (A—H and 1-5) of the high-pressure areas with walls in
Fig. 13. The formations of transverse waves are caused by the
collisions of triple lines with walls or triple lines with triple
lines as well as the explosion behind the fronts. The diago-
nal structures are observed with the triple line formation on a
plane normal to the diagonals. The transverse wave structures
on the four sidewalls are almost same but with phase differ-
ence of 180° betweenwalls Z =0,Y =0and Z =4,Y =4
atr = 20 and 25.8333. The primary triple point A joints the
short transverse wave and the leading shock which is made of
the incident shock and Mach stem. B is the second triple point
which has its own transverse wave. It is seen from Fig. 16
that the interaction of a vortex with the Mach stem or incident
shock causes significant curvature and produces a secondary
triple point, which divides the shock into various segments
with different strengths and wave angles. Due to the high flow
instabilities, ignition of the unburned gas pocket through the
high temperature and turbulent mixing, and partial hot spots,
the regularity of the transverse wave disappears gradually
(see t = 45.8333 in Fig. 15), and the diagonal mode evolves
into the spinning mode att = 49.1667. The disappearance of
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t=45.8333 t=49.1667

()
Pressure B 0

5 15253545556575

Fig. 13 Rear view of detonation front evolutions (from diagonal to spinning structure). The green space isosurface is the pressure of 45. (Up, left,
bottom and right wallare Z =0,Y =0, Z = 4 and Y = 4 plane, respectively)

Fig. 14 Maximum pressure
history on the tube wall at
various locations. The direction
is from left to right

transverse waves is observed on the walls Z =0and ¥ =0
at t = 49.1667, whereas the intricate transverse waves are
present on the walls Z =4 and Y = 4.

The complex sub-structures of transverse wave of spin-
ning detonation head in the case D are present in Fig. 17. A
long unstationary transverse wave travels regularly upwards
and downwards at various times. The transverse wave of
spinning detonation is characterized by the reflected shock
extended backwards into the burned gas (see RS in Fig. 17)
and the constant appearance and disappearance of transverse
waves on the different walls. The generation of reflected
shock is due to the collision of two shocks with different wave
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angles. The constant appearance and disappearance of trans-
verse waves were also observed in the high irregular structure
experimentally by [8]. The reason is that the local explosion
due to triple line collisions and unburnt gas pockets affects
the transverse wave formation at the walls far from the spin
head. However, the 3-D transverse waves of spinning detona-
tion always emerge in all snapshots. This is indeed confirmed
by the transverse wave dynamics on the face of ¥ = 2 (see
Fig. 18). The spinning detonations have the strong transverse
detonation rotating along the walls and the transverse waves
will disappear at the interspace between the helical line and
the walls due to the spin head deviated from these walls.
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Fig. 15 Detailed structure of the head of the detonation with transverse waves on the walls. The labels refer to Fig. 13. V stands for Vortex. The
color and white line represent density and pressure contours, respectively (Case D)

Fig. 16 Detailed structure of transverse waves with vortex and shock. The color and white line represent vorticity and pressure contours, respectively

(Case D)

The similar complex sub-structures of transverse wave of
spinning detonation are observed in other three cases.

A typical sub-structure in the diagonal detonation struc-
ture is observed in Fig. 18 (up four snapshots), which agrees
fairly well with the 2-D numerical results by Ji et al. [25].
The overall structure of the spin head is similar to “Fig. 77
in the simulation of Tsuboi et al. [20]. However, the detailed
sub-structures of the spinning detonation are different, and
no secondary triple point was observed in their results. This

could be due to the fact that the more stable reaction model
was employed in the [20], which is consistent with the results
reported by Mahmoudi et al. [14]. It is seen from Fig. 18 that
the Mach stems and incident shock interchange their roles via
the collision of triple lines and walls. The similar structures
of transverse wave are also observed in other three cases.
Figure 19 shows the transverse waves in space and in time
on the stage of transition to spinning. Due to the flow instabil-
ity increase, a complex transverse wave structure is formed
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Fig. 17 Detailed structure of the head of the spinning detonation with transverse waves on the walls at successive snapshots. RS stands for reflected
shock. The color and white line represent density and pressure contours, respectively (Case D)

at t = 45, in which three transverse waves are present. The
vortex between B and C point decays, in turn the C point
finally diminishes, and the new vortex appears in the vicinity
of AD (see the second snapshot of Fig. 19). The occurrence of
localized explosions (the vicinity of AD in second snapshot
of Fig. 19) turns the transverse wave’s directions and leads
to KH instability, which creates vortices between A and B
point. Due to the localized explosions, transverse wave A is
strongly overdriven. The transmitted wave propagates into
the burned gas left behind transverse wave A and, therefore,
gains little chemical energy release to sustain itself. As the
vortex in the vicinity of BE decays, eventually the only one
primary transverse wave A dominates the front as shown in
the fourth plot of Fig. 19. As a consequence, the spinning
detonation structure is formed. The occurrence of localized
explosions and unburned gas pocket accelerates the growth
of the flow instabilities. However, the analogous structure
of the fourth or fifth snapshot of Fig. 19 is the most stable
transverse structure in all cases.

@ Springer

As mentioned above, it is found that the vortical structures
exist in the detonation front in all the cases. It is possible that
the generations of large vortices behind the front play an
important role in the transformation of the transverse waves
and the leading shock waves which lead to the formation of
the spinning detonation. Additionally, the temporal and spa-
tial variation of transverse waves leads to the front instability.

Transverse wave structure of spinning detonation is shown
att = 68.3333 of Fig. 19. Due to the existence vortex, the
structures of spinning front are intricate with the schematic
structure of the spin as proposed in [6] and 3-D simulation by
Tsuboi et al. [20]. However, it is clearly seen that the triple
point configuration mainly consists of a Mach stem, incident
shocks and transverse waves. The transverse wave strength
S (p2/p1) plays an important role in detonation propagation
[20]. To evaluate its value, we define the pressure at both up
and bottom sides of transverse wave as p and p» located next
to the side of incident shock and Mach stem, respectively.
We extract 100 points along both up and bottom sides of
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Fig. 18 Detailed structure of the head of the detonation on the face

Y = 2. The color and white line represent density and pressure con-

tours, respectively. A primary triple point, B secondary triple point, AM

_
15

Mach stem, A/ primary incident shock, ACD primary transverse wave,
AC, CD and CE reflected shock

Fig. 19 Transverse wave in space and in time of Case D

transverse wave, separately. In this case, the averaged values
of 100 points are adopted as p; and p; separately, because it
is difficult to define the exact value of p; and p;.

The maximal pressure behind the detonation head and
transverse wave strength during different stages is plotted in
Fig. 20. At the stage of the diagonal structure, the transverse
wave strength is larger than 0.95, and the average value of the
maximal pressure is around 82. In the process of the transi-
tion to spinning structure, the average values of the maximal
pressure increase. The transverse wave strength suffers large
fluctuations in time and space. As mentioned in Fig. 19, due
to the chaotic distribution of transverse waves, it is difficult
to evaluate its strength. It is clear that the transverse wave
strength of spinning detonation is fluctuant compared to the

stage of diagonal structure. From Figs. 18 and 20, we can see
that the transverse wave strength becomes larger after the
collision of the triple lines with the side wall. The detonation
strengthens (the average maximal pressure is around 125)
and the front suffers the large pressure oscillations. The trans-
mitted and reflected wave propagates into the burned gas left
behind the front and, therefore, gains chemical energy release
to sustain spinning detonation. Thus, the spinning detonation
is self-stained and fairly stable. The periodic oscillations of
the leading shock and transverse wave dynamics are involved
in the 3-D detonation structure transformations.

A comparison of detonation parameters among the four
cases is given in Table 1. The track angle is mainly related
to the specific heat ratio [20]. The track angles of the present

@ Springer



Y. Huang et al.

390
: : T 1.50
160 [ O Maxpressure o ﬁ
O Transverse wave strength = o
S 1125 B
= [ [m]

35“ {) % 1.00 g
o 120} % <} C} b -8
= f& {) HP olg <
7 o o) I 10.75 o
% 100 m {D S

= 0o
o, o 40.50 g}
X 80 O O O g
= 4025 03
60 L DDié(x%()mal Tran;ition Spinn;ng - =

0 5 10 15
Stage

Fig. 20 Evolution of the max pressure and transverse wave strength
behind the head of the detonation front on the face of ¥ = 2 during the
whole period

simulation are around 38—40, which are measured from the
pressure contour on the wall. The present results are reason-
ably consistent with the experimental and numerical studies
[20,26], and [28]. The different initial disturbances lead to
different evolution of the detonation structure and, finally,
all the cases transform into the self-sustained spinning det-
onations. The case C takes the shortest time and distance to
a stable spinning detonation. The maximal pressures behind
the spin head are 160-225.2 po and such high pressures are
to be avoided in practical systems in the safety problem. On
the contrary, such high pressures are beneficial for the perfor-
mance of the micro-pulse detonation engine [29]. The trans-
verse waves strength [2,20] in the case A, B and C are around
1.1, which is greater than that of case D. It is interesting to
mention that the disturbance is totally asymmetric in case
C. It is possible that the asymmetric disturbance leads to the
strong flow instabilities which could be the main driving force
of detonation transformation into the spinning detonation.

4.6 Effects of channel width on spinning detonation
transformation

To understand the effects of channel width on three dimen-

sional structure of the spinning detonation, the computational
domain in cross section is two times as above with dimen-

Table 1 Comparison of the

sions of [0, 24] x [0, 8] x [0, 8]. The initial conditions and
boundary conditions are same as the above mentioned in 3.2.
Figure 21 shows the instantaneous pressure space isosurfaces
and contours of spinning detonation within the double times
channel width. A spinning structure evolution with multi-
tudes of triple line and various small irregular shapes of Mach
stem is also observed as the numerical results in the half cross
section. The spinning detonation formations are independent
of any initial perturbations.

The complex sub-structures of transverse wave of spin
head are present in Fig. 22. Due to an analogous structure of
each other, not all the details about other cases are discussed.
The transverse wave of spinning detonation has similar fea-
tures but with absence of reflected shock extended backwards
into the burned gas. Due to the localized explosions, trans-
verse wave is strongly overdriven and the vortex emerges.

In summary, the detonations will transform into the spin-
ning detonation in the narrow square tubes with the approx-
imate channel widths 0.8 and 1.6 mm, and the spinning det-
onation is the most stable propagating mode and its forma-
tion is independent of the initial perturbations. However, the
dependence of the critical diameter on the spinning formation
should be studied in the future.

5 Concluding remarks

Three-dimensional simulations of the structures of detona-
tion in two narrow square tubes (around 0.8 and 1.6 mm in
width) have been performed. The high-resolution simulations
were conducted with a parallel AMR algorithm using high-
order MUSCL-type TVD scheme and new CSAMR data
structure. The four different perturbations applied in the ini-
tial ZND profiles lead to the different types of detonation
structure (diagonal, rectangular in phase, rectangular out of
phase and rectangular partial out of phase) at early stage,
eventually all the detonations evolve into self-sustained spin-
ning detonation. The present simulation showed the detailed
transformation processes from the diagonal and rectangular
into spinning structure.

Detailed structures for the diagonal, rectangular (in phase,
out of phase, partial out of phase) and spinning have been

track angle, time and location of Case  Track Spinning detonation Transition =~ Maximal pressure The average value
transition to spinning structure, angle (o) transition time location behind the spin of transverse wave
maximal pressure behind the (treference) (lreference) head (po) strength behind
spin head and transverse wave the spin head Sgpin
strength

A 40 40.8333 400 225.2 1.1

B 38 37.9167 375 186 1.15

C 38 17 200 221.6 1.08

D 40 49.1667 470 160 0.8
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Fig. 21 Instantaneous pressure space isosurfaces and contours of spinning detonation for double times width domain. The gray isosurface denotes
the detonation front and the wall surface represents pressure contours
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Fig. 22 Detailed structure of the head of the spinning detonation with transverse waves on the walls at successive snapshots. The color and white
line represent vorticity and pressure contours, respectively
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presented. Those results are in good qualitative agreement
with available the experimental and numerical studies.

The spinning detonation is the most stable propagating
mode and its formation is independent of the initial pertur-
bations and the narrow channel widths. The effects of critical
diameter should be also estimated.

The “rectangular partial out of phase” perturbation leads
to a stable spinning detonation much faster than the rest. The
transverse wave strength behind the spin head in case D is
less than the rest cases. The maximal pressures behind the
spin head are 160-225.2 py. Thus, the quick transition into a
spinning detonation is the most effective way to attain stable
detonation in a small tube and improve the performance of
the pulse detonation engine.

The asymmetric disturbance leads to the strong flow insta-
bility which is the main drive of detonation transformation
into the spinning detonation. The flow instability strength-
ened the detonation instability. The periodic oscillations
of the leading shock and transverse waves dynamics are
involved in the detonation instability. The transverse waves
always emerge in the 3-D spinning detonation and the disap-
pearance of transverse waves on the walls is due to the spin
head deviation from these walls during the rotation of spin-
ning detonation. In all cases, the transverse wave dynamics
and periodic oscillation of front play an important role in the
detonation structure transformations.

Finally, the present simulations provide a complementary
understanding of the detonation dynamics and propagation in
anarrow square tube and elucidate the drive of the detonation
structures transformations.
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