among the reflected triple point, the detonation triple point, and the obstacle surface hence take
place within a very short period of time, which raises the pressure to p > 60 as shown in Fig. 4.9(b).
This sequence of significantly stronger wave-obstacle collisions more effectively induces a local
explosion in the decoupled, unburnt region. While in the failed case, as shown in Fig 4.9(a), there is
no detonation triple point propagating towards the obstacle, and the reflected shock pressure remains
approximately p = 30 throughout the entire reflection process. Hence, although the triple points
of detonation and reflection collide afterward, the increase in local energy release is insufficient to
cause re-initiation. This result also implies that the position and size of the obstacle are important

elements controlling the re-initiation capability of a diffracting detonation wave.

(a) Failed case with d;, = 450 and d,, = 40 att = 112 (left) and ¢ = 119 (right)

(b) Successful case with d;, = 500 and dy, = 40 at t = 123 (left) and ¢ = 130 (right)

Figure 4.9: Comparison of the reflection process between failed and successful cases.

4.3.4 A parametric study on obstacle position causing re-initiation

To investigate the effect of the obstacle position on the re-initiation of the diffracting detonation
wave, a series of simulations with the same initial and mixture conditions were conducted with var-
ious obstacle positions. The parameter dy, is varied from 50 to 700 with an increment of 50, and

dy 1is varied from —120 to 120 with an increment of 20. Recall that d;, and d, are the horizontal
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and vertical distances of the obstacle from the corner of the channel exit (at z = 200 and y = 240
marked by the black circle in Fig. 4.10). The re-initiation result for each case is displayed schemat-
ically in Fig. 4.10, combined with the numerical soot foil with no obstacle. It can be observed that
only a few obstacle positions result in a successful re-initiation. The successful cases distribute in
an area of 100 > d, > 40 with obstacle positions intersecting the trajectories of detonation triple
points (observed in Fig. 4.10 as the long bright traces stretched downward). The intersection indi-
cates that a detonation triple point can reach the surface of the obstacle at a certain time, causing
strong collisions and reflections, and significantly enhancing the energy release behind the reflected
wave. As shown in Fig. 4.10, beyond a certain distance (in both x- and y-direction) from the channel
exit, even intersecting a triple-point trajectory, an obstacle cannot trigger re-initiation. This result
indicates that there is a minimum strength of a transverse wave along the diffracting shock front
required for re-initiation. By examining the contour plots of py,a shown in Fig. 4.10, this minimum
transverse shock (or triple-point) pressure is found to be approximate p = 16. For the cases with
an obstacle not intersecting any detonation triple-point trajectory, re-initiation does not occur. This
finding further demonstrates that a strong collision between a triple point along the diffracting shock

front and the obstacle is needed for re-initiation.

In the vicinity or inside the region ahead of the trajectory of the expansion wavefront (approx-
imately marked by the gray dash line in Fig. 4.10), the detonation wavefront is not completely
decoupled from its reaction zone so that there is no sufficient unburnt gas in the decoupled region
to ignite and induce a local explosion. Thus, an obstacle that is placed too close to the central axis
of the channel, i.e., d, < —40, cannot induce re-initiation. In the area of d,, > 100, the diffracting
shock wave is fully decoupled from the reaction front and has barely any transverse waves (or triple
points) to cause strong collisions with the obstacle. For this reason, an obstacle that is placed too

far from the channel exit also fails to re-initiate the detonation.

In all of the successful cases, there must be at least one long trajectory of detonation triple point
downstream from (i.e., on the right side of) the obstacle. As shown in Fig. 4.10, the obstacles placed

along the downstreammost (i.e., rightmost) triple-point trajectory do not result in re-initiation. This
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result suggests that the reflected wave due to a strong collision between a triple point and the obsta-
cle needs to further interact with at least another triple point downstream inherent from the incident

cellular detonation to give rise to a local explosion.

(a) 0 10 20 30 40 50 (b) 0 10 20 30 40 50
I [ [ T Pmax

200 400 600 800 1000 200 400 600 800 1000
X X

Figure 4.10: The go and no-go results for the cases with different obstacle positions marked the
symbols with a horizontal bar mapped on the corresponding numerical soot foil for the incident
cellular detonation wave. White circles indicate the cases of a successful re-initiation and black
squares indicate the cases of failure. The corner of the channel exit is marked by the black circle
on the y-axis. The trajectory of the expansion wavefront is marked by the gray dash line. For the
same channel width w = 240, the results of two series of simulations with different incident cellular
detonation structures are shown in (a) and (b).

4.4 Concluding remarks

In summary, this work investigates numerically the effect of small obstacle-induced perturba-
tions on the re-initiation of a diffracting detonation wave in an unstable mixture of detonable gases.
The simulation results demonstrate that an incident detonation wave with fully developed cellular
instabilities is prone to re-initiation in the unconfined space than a planar (laminar-like ZND) inci-
dent detonation. In agreement with the experimental findings of Xu et al. (2018, 2019), the current
results show that a small obstacle inserted at certain locations relative to the diffracting detonation
wave promotes the propensity of re-initiation. These results support the hypothesis that, for a suc-
cessful re-initiation in an unstable mixture, a sufficient degree of flow instabilities (either survived
naturally from the incident detonation or induced artificially by a small obstacle) is required to in-

duce an explosion bubble for the onset of re-initiation. The parametric study reveals that a collision
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between a diffracting triple-point wave complex and an obstacle is a necessary condition for a suc-
cessful re-initiation. Due to shot-to-shot variation in the trajectories of diffracting triple points, the

re-initiation capability for a fixed obstacle position is of a stochastic nature.
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Chapter 5

Promoting initiation of oblique
detonation waves using a small micro

obstacle

This research aims to translate the finding from the previous Chapter 4 for more practical appli-
cations. In recent years, extensive research studies have been conducted on the oblique detonation
wave engine (ODWE) due to its potential to revolutionize high-speed propulsion (Rosato et al.,
2021). The basic design of an ODWE is to use the vehicle geometry such as a wedge surface to
induce, from an incoming, supersonic flow of detonable mixture, an oblique shock wave (OSW)
which subsequently transits into an oblique detonation wave (ODW) after an initiation zone. Due to
its strong dependence on both the incoming flow and physical condition such as the vehicle geom-
etry as well as the chemical properties of the reactive mixture, it remains technically challenging to
establish the onset of oblique detonations in high-speed combustible mixtures for practical propul-
sion applications with many design constraints such as the engine scale limit. From an engineering
perspective, a key challenge in the development of ODWE is to come up with practical methods for
controlling the trigger location of the oblique detonation wave and reducing the initiation length,
which is defined as the distance from the tip to the onset of ODW. The present work aims to look

at how the topographical properties of the wedge surface, which creates flow instabilities, on ODW
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initiation. On the practical side, the motivation is to investigate how a simple micro-obstacle on the
wedge surface could affect the ODW dynamics. In particular, the present study aims to achieve a
promoting effect of the micro-obstacle on ODW initiation. The ultimate goal is to shed light on how

the wedge surface topography could significantly influence the initiation dynamics of ODW.

» This scenario aims to demonstrate and translate the use of a small obstacle to generate addi-

tional flow features promoting possibly the initiation of oblique detonation waves.
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The effect of micro-bumps on the onset of wedge-induced oblique
detonation waves

Chian Yan, Giovanna Schembre, Hoinghui Teng, Hoi Dick Ng
Abstract

The initiation process of Oblique detonation waves (ODW) induced by a micro-bump on the wedge
surface is simulated. The two-dimensional numerical simulations are performed using a Graphics
Processing Unit (GPU)-based solver with the reactive Euler equations coupled with one-step Ar-
rhenius or two-step induction-reaction kinetics. The effects of geometric shapes and the sizes of
the micro-bump, and the rippled wedge surface on the ODW initiation characteristics are analyzed.
Results demonstrate that the initiation dynamics are very sensitive to the wedge surface character-
istics near the leading edge and the introduction of a micro-bump promotes the oblique detonation
formation when it is placed ahead of the initiation point for a smooth wedge surface. The presence
of the micro-bump also leads to the change of an initially smooth transition into an abrupt type.
The geometric type, either round or cubic, does not play a key role and the reflected bow shock
generated by the micro-bump strengthens the initial oblique shock. The location of the micro-bump
can be varied to control the initiation process and once the onset of ODW is established, facilitated
by the first bump, the wedge’s surface roughness mimicked by a subsequent series of micro-bumps
has negligible effects on the ODW initiation onset and stability. an abrupt type.

Keywords: Oblique detonation, CFD, initiation characteristics, micro-bump pertubation

5.1 Introduction

In recent years, extensive research studies have been conducted on the oblique detonation wave
engine (ODWE) due to its potential to revolutionize high-speed propulsion (Rosato et al., 2021).
The basic design of an ODWE is to use the vehicle geometry such as a wedge surface to induce,
from an incoming, supersonic flow of detonable mixture, an oblique shock wave (OSW) which
subsequently transits into an oblique detonation wave (ODW) after an initiation zone.

Apart from pioneering analytical works, for example, using detonation polar analysis providing
wave angles and steady structures as the basic foundation for a standing oblique detonation wave
attached to a semi-infinite wedge (Gross, 1963; Emanuel and Tuckness, 2004), fundamental studies
focus more on the complex morphology at the initiation region and the transition process from the
OSW to the ODW as well as the inherently unstable nature of the oblique detonation surface, e.g.,

Li et al. (1994); Gui et al. (2011); Wang et al. (2011); Teng et al. (2017); Teng and Jiang (2012);
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Miao et al. (2018); Choi et al. (2007); Teng et al. (2015). Notably, depending on initial conditions
such as the inflow Mach number and the wedge angle, as well as combustible mixture properties,
there exists two key transition types, namely, the abrupt transition from the OSW to the ODW
where a non-reactive oblique shock, a set of deflagration waves, and the oblique detonation surface,
all united on a multi-wave point, and the smooth transition characterized by a smoothly curved
shock (Teng and Jiang, 2012). Recent investigations have also been performed to look at more
realistic situations such as the effect of unsteadiness, multiphase composition and fuel-air mixture
inhomogeneity of the incoming supersonic flow on the ODW dynamics, e.g., Yang et al. (2019);
Iwata et al. (2017); Ren et al. (2018); Xiang et al. (2020).

Due to its strong dependence on both the incoming flow and physical conditions such as the
vehicle geometry as well as the chemical properties of the reactive mixture, it remains technically
challenging to establish the onset of oblique detonations in high-speed combustible mixtures for
practical propulsion applications given many design constraints such as the engine scale limit. From
an engineering perspective, a key challenge in the development of ODWE is to come up with prac-
tical methods for controlling the trigger location of the oblique detonation wave and reducing the
initiation length xi,;, which is defined as the distance from the wedge tip x = 0 to the onset of
ODW.

Due to its strong dependence on both the incoming flow and physical conditions such as the
vehicle geometry as well as the chemical properties of the reactive mixture, it remains technically
challenging to establish the onset of oblique detonations in high-speed combustible mixtures for
practical propulsion applications given many design constraints such as the engine scale limit. From
an engineering perspective, a key challenge in the development of ODWE is to come up with prac-
tical methods for controlling the trigger location of the oblique detonation wave and reducing the
initiation length x;,;, which is defined as the distance from the wedge tip x = 0 to the onset of
ODW.

Recent works have turned into the use of a hot jet to actively control the oblique detonation initi-
ation and stabilize it at the desired position (Qin and Zhang, 2020). Putting this method into practice
will require a high-pressure hot gas injection possibly extracting from the burned gas. Inspired by

the use of ramp-cavity in supersonic combustion for ignition and flame stabilization, a novel wedge
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geometry with a step is also studied by Qin and Zhang (2018) to control the trigger location of the
oblique detonation wave through variations of the step location and the rear wedge angle.

In this work, we focus on the topographical properties of the wedge surface on the ODW initi-
ation at the high Mach number flow regime. The motivation is to investigate how a simple micro-
circular bump or small rectangular bump on the wedge surface could affect the ODW dynamics
(see Fig. 5.1). It should be noted that an equivalent study by Xiang et al. (2022) has also been
conducted concurrently looking as well contoured blunt bump geometries. To this end, the present
study and that of Xiang et al. (2022) are driven by the potential to achieve a promoting effect of the
micro-bump on ODW initiation. The ultimate goal is to shed light on how the wedge surface topog-
raphy could significantly influence the ODW initiation dynamics. Unlike Xiang et al. (2022) which
considers both detailed chemical kinetics and Navier-Stokes simulations, the strategy adopted in the
present study is to conduct high-resolution, numerical simulations using an ideal gas, reactive flow
model given by the inviscid Euler equations with simplified chemistry models, i.e., the standard
one-step irreversible Arrhenius kinetic model and a two-step induction-reaction kinetic model. In
the absence of physical viscous dissipation and other transport effects, we restrict our study to the
high Mach number flow regime focusing carefully on the chemical-gasdynamic mechanism of the
effects on the ODW initiation induced by different micro-bumps and their influence on the OSW-
ODW transition type. The present computations are carried out using the Graphics Processing Units
(GPUs) computing technology to achieve high resolution. In this paper, two bump shapes, namely
a cylindrical and a rectangular geometry, are carefully considered. A set of parametric studies re-
ports the effects of bump locations on the different types of ODW initiation with different mixture
reactivities. The relationship between the initiation location and the bump location is analyzed. Key
features resulting from the presence of the micro-bump on the flow structure in the vicinity of the

ODW initiation region and the fully developed ODW unstable surface are discussed in detail.
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Figure 5.1: A schematic of the computational setup with a micro-rectangular bump (left) and micro-
round bump on the wedge surface.

5.2 Simulation setup

The schematic shown in Fig. 5.1 describes also the computational setup. The computational
domain bounded by the dashed lines is rotated to the direction along the wedge surface. The Carte-
sian grid in this rectangular domain is thus aligned with the wedge surface and the inflow velocities
to the computational domain are determined and projected based on the rotation angle. Inflow con-
ditions are thus employed for the left and top boundaries; outflow conditions extrapolated from the
interior are implemented on the right boundary and a few grid cells before the wedge tip. An adia-
batic slip reflective boundary condition is used on the wedge surface. The rectangular solid bump
with varying lengths L and Height H can be easily implemented in the Cartesian grid coordinate.
For the semi-cylindrical solid bump with radius R, we follow the ghost fluid boundary represen-
tation described in Fedkiw et al. (1999). The originally formulated method uses the level set of a
signed distance function to represent the interface between the two fluids; it can also be adapted to
model single-phase flow around arbitrary solid geometries. Qualitatively, a supersonic flow with
Mach number Mj enters the domain from the left and is reflected on the two-dimensional wedge
with an angle §. An OSW is generated and triggers the chemical reaction. After an induction pe-
riod, the transition to an oblique detonation occurs. In this study, two different reaction rate models
were considered, i.e., single-step kinetics and two-step induction-reaction kinetics. The single-step

irreversible chemical reaction model with an Arrhenius rate law is given as:

= —kXexp (—22) (66)
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where A\ denotes the reaction progress variable varying between 1 (for the unburned reactant) and 0
(for the product), and E, is the chemical reaction activation energy. The detailed explanation of the
two-step kinetic model can be found in § 2.

The mixture is assumed to be ideal and calorically perfect (with a constant specific heat ratio
~ = 1.2). For the single-step kinetic model, the pre-exponential factor k in Eq. 66 is chosen such
that the Zel’dovich-von Neumann-Doring (ZND) half-reaction zone length of the corresponding
Chapman-Jouguet (CJ) detonation is unity, i.e., [;; = 1. Following our earlier work (Yan et al.,
2019), the dimensionless heat release is fixed with () = 50, the inflow Mach number and the wedge
angle are set at My = 10 and 0 = 26°, respectively. The mixture activation energy F,, is used
as the bifurcation parameter to generate initially, without any micro-bump on the wedge, the two
types of ODW initiation structure, i.e., with either a smooth or an abrupt transition. In this study,
the value of activation energy E, was selected as 20 and 35, and the corresponding pre-exponential
factor k were set to 16.7 and 182.6, respectively, as shown in Table 5.1. For the two-step kinetic
model, the dimensionless mixture parameters are again following Yan et al. (2019) and set with
heat release () = 50, a ratio of specific heats v = 1.2 and activation energies Fy = 24.07 and
Er = 4.814. The resulting ZND post-shock temperature is 75 = 4.814 and u.,, = 0.7792, where
Uyy 1 the particle velocity behind the shock front in the shock-fixed frame for the CJ detonation.
The following parameters were kept constant throughout the simulation setup for micro-rectangular
bumps with the two-step chemical kinetics, as the goal of this research is to demonstrate the effect
of a micro-bump. The reference length scale z..f is chosen such that the one-dimensional ZND
induction length Ar is unity, so that the pre-exponential factor ki = —uyy,. The pre-exponential
factor, kR, used in the reaction process was set at a value of 2.98 to control the reaction zone length.
The inflow Mach number and the wedge angle were set at My = 10 and 8 = 30°, respectively,
as shown in Table 5.2. In this work, a grid resolution of 32 points per characteristic length of a
CJ-ZND detonation (I, /o and Aj for the single- and two-step kinetic model, respectively) was used.

The resolution validation will be given in the next section.
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Table 5.1: Initial conditions for the one-step kinetic model.

Parameters Values
Heat release, () 50
Ratio of specific heats, v 1.2
Inflow Mach number, M 10
Wedge angle, 0 26°

Activation energy, F, 20 | 35
pre-exponential factor, & 16.7 | 182.6

Table 5.2: Initial conditions for the two-step kinetic model.

Parameters Values
Heat release, () 50
Ratio of specific heats, 1.2
Inflow Mach number, M 10
Wedge angle, 6 30°

Activation energy of induction, By 5 7§
Activation energy of reaction, b~ 1.0 T
Exponential factor of induction, k;  0.7792
Exponential factor of reaction, kr 2.98
Post-shock temperature, T 4.814
CJ detonation Mach number, Mcj;  6.216

5.3 Results and discussion

A numerical resolution validation between 32 points and 64 points per characteristic length of
a CJ-ZND detonation (l;/, and A for the single- and two-step kinetic model, respectively) was
carried out by putting a 1 x 1 micro-cubic bump using the one-step chemical kinetic model at the
location of x}, = 60 (Fig. 5.2) and a 4 X 1 micro-rectangular bump using the two-step chemical
kinetic model at the location of z1, = 60 (Fig. 5.3). Fig. 5.2a gives the density schlieren comparison
for the 32 points (upper) and 64 points (lower) per half reaction zone length [, /5 results, and Fig.
5.2b gives the time-averaged density distribution along the planes of y = 10 (red) and y = 20 (blue)
with 32 points (dashed) and 64 points (solid) per half reaction zone length [ /, generated from the
one-step chemical kinetic model. The density data shown in Fig. 5.2b are averaged based on 20
transient frames to reduce the error caused by minor fluctuations in the ODW structure. Similarly,
Fig. 5.3 gives the same density schlieren and profile comparison between 32 points and 64 points

per induction zone length Ay generated from the two-step chemical kinetic model. From Figs.

87



5.2 and 5.3, we can see although the Kelvin-Helmholtz (K-H) vortex-rolling along the shear layer
is not perfectly revealed in 32 points per characteristic length, the initiation points, which we are
mostly concern about, are the same in the two resolutions. Besides, the difference in the time-
averaged density distribution is neglectable. Thus, for consideration of saving computational run
time, a resolution of 32 points per characteristic length is selected as the overall resolution degree
throughout this study. It is worth noting that similar resolution tests without the micro-bump were
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Figure 5.2: The comparison between the numerical results generated from 32 points (upper) and
64 points (lower) per half reaction zone length [y /5 using one-step chemical kinetic model and
E, = 20: (a) density schlierens and (b) time-averaged density distribution

(a) (b)

Figure 5.3: The comparison between the numerical results generated from 32 points (upper) and
64 points (lower) per induction zone length Ay using two-step chemical kinetic model: (a) density
schlierens and (b) time-averaged density distribution
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5.3.1 Micro-bump geometries

Figure 5.4 first shows the established ODW formation structures obtained with § = 26°, My =
10, and £, = 20 and 35 for the one-step Arrhenius kinetic model. The two activation energies £,
give rise to the two types of OSW-ODW transition, i.e., a smooth transition for £, = 20 with a
curved shock shown (upper) and an abrupt transition with a multi-wave point for £, = 35 (lower).
Approximately the initiation points are zi,; ~ 40 and 80, and the wave heights at z = 120 are
approximately 38 and 33, respectively, for the smooth and abrupt transition cases. The higher E,

also leads to a more unstable ODW surface and irregular flow field downstream after the initiation.

0 40 80 120 160 200

Figure 5.4: The two types of OSW-ODW transition with a) F, = 20; and b) F, = 35.

Figure 5.5 presents some simulation results of temperature flow fields showing the effects of
both the micro-rounded and rectangular bumps with sizes » = 1 and H = L = 1 on the ODW
initiation dynamics and wave structures for initially a smooth transition with £, = 20. The white
dashed lines indicate the bump location on the wedge. Figure 5.6 also plotted the initiation point
defined as the z-location where the onset of ODW occurs, as well as the wave height at the location
of x = 120 to quantify the effects of the micro-bumps. Both bump geometries appear to provide the
same effects with minimal difference. For instance, when the micro-bump is located at the initiation
region of the base case (i.e., a smooth wedge without any bump), the ODW initiation is promoted

and the initiation point moves forward (Fig. 5.5a and b) with x, < xjyi~ 40. The bow shock induced
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by the micro-bump raises further the thermodynamic state in the initiation region behind the initial
oblique shock from the interaction of the incoming flow with the wedge, causing an earlier OSW-
ODW transition. The effect is similar to the blunt body-induced initiation Fang et al. (2019). With
the gas dynamic effect of the micro-bump in the initiation region, the transition changes into an
abrupt type (see Fig. 5.5a). When the micro-bump is located behind the original initiation point of
the base case, x}, > Zinj, the smooth transition and the initiation structure are not affected. Closer
to the xj,; from downstream where instability on the ODW is not yet manifested with transverse
waves generation, the micro-bump may have an effect in delaying the development of instability on
the ODW surface due to the overdrive from the interaction of the bow shock and the initially smooth
ODW (Fig. 5.5¢). The bow shock shape and angle induced by the micro-rounded and rectangular
bump is slightly different from each other, affecting the ODW wave height downstream as shown in

Fig. 5.6b.
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Figure 5.5: Temperature fields with micro-rounded bumps (left) and micro-cubic bumps (right) at
locations, a) x, = 20; b) 40; c) 60; and d) 80 for £, = 20.

Similarly, the effects of the micro-bump (rounded and cubic) and its location on the initially
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Figure 5.6: For micro-rounded bumps (blue) and micro-cubic bumps (magenta) at £, = 20: (a) the
initiation point as a function of the micro-bump location x}, and (b) the wave height at the location
of x = 120 as a function of the micro-bump location xy,.

abrupt OSW-ODW transition for £, = 35 are elucidated in Figs. 5.7 and 5.8. With the presence
of the micro-bump perturbation in the initiation zone x,< iy~ 80, the initiation structure moves
forward. The wave configuration remains as an abrupt type with a multi-wave initiation point but
the ODW induced is highly overdriven initially with a large oblique detonation angle. After the
overdriven oblique detonation is relaxed, cellular instabilities are developed on the ODW surface.
Large-scale vortex shedding has also resulted from the micro-bump downstream close to the wedge
surface. In Fig. 5.8a and b, the bump geometry does not seem to affect the initiation point much.
However, the wave height appears to be affected. With the rounded bump, the bow shock is less
steep and the overdriven ODW appears to relax quicker resulting in a lower wave height as compared
to the cubic case. This thus suggests that the bump contour may have a slight effect due to a more

sensitive abrupt-type ODW initiation structure Xiang et al. (2022).

5.3.2 Rectangular bump geometries

A parametric study is conducted to further analyze the shape parameters of a rectangular bump
on the onset of ODW. In order to look at the situation where the bump is placed very close to the
leading edge, the left computational boundary is extended such that the wall tip (with the adiabatic,
slip, reflective boundary condition) starts at the location x = 10. In this set of simulations, the
inflow Mach number M is set as 10 and the wedge angle 0 is fixed as 30°. The results are obtained

using the two-step induction-reaction kinetic model. Again, the x-coordinate of the new initiation
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Figure 5.7: Temperature fields with micro-rounded bumps (left) and micro-cubic bumps (right) at
locations, a) x, = 20; b) 40; c) 60; and d) 80 for £, = 35.
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Figure 5.8: For micro-rounded bumps (blue) and micro-cubic bumps (magenta) at F, = 35: (a) the
initiation point as a function of the micro-bump location x}, and (b) the wave height at the location
of z = 120 (right) as a function of the micro-bump location xy,.

point xiy; is tracked as an indication of the promoting effects of the introduction of micro-bumps.
The wave height at x = 120 for each case is again determined as another important parameter to
show the influence on the scale limit. For the parametric study, six different bump sizes placed at

various locations are simulated. The block sizes considered in this work are 4 x 1,4 x 2, 4 x 4, and
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8 x 1 (length L by height H), and placed at the locations as follows: x}, = 20, 25, 30, 40, 60, 70,
and 80.
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Figure 5.9: Density schlieren of the benchmark ODW structure without bumps using the two-step
kinetic model.

Figure 5.9 gives the density schlieren of a benchmark case showing the ODW structure without
any artificial geometric perturbation. The ODW shown in Fig. 5.9 has an abrupt transition and the
initiation point locates at xj,; = 60.3. The corresponding wave height at x = 120 is 34.2. The
purpose of this benchmark is to work as a baseline to compare the simulation results with micro-

bumps.
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Figure 5.10: Density schlieren for a 4 x 1 bump at different location :
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To illustrate the effect of the bump size and location, density schlieren plots of a 4 x 1 block at
different locations are displayed in Fig. 5.10, demonstrating that as the micro-bumps move further
away from the wedge tip, the initiation points correspondingly shift along the downstream direction.
Density schlieren plots of 4 x 1, 4 x 2, and 4 x 4 blocks at a location of x;, = 40 are displayed
in Fig. 5.11. This is also observed in Fig. 5.12 from various bump sizes and bump locations.
When zp,< xijni~ 60, which means the micro-bumps are placed ahead of the original initiation
point, the new initiation point is moved ahead of the bump location and the transition is all abrupt.
When z1, = 80, the original transition structure is maintained and a second initiation-like point is
observed. As the bump is relatively small, of which the size is 4 x 1 as in the schlieren, when
the micro-bumps move further away from the wedge tip, the initiation points correspondingly shift
along the downstream direction. This phenomenon is also observed in Fig. 5.12a with various
bump sizes. Depending on the bump location, the slip line becomes unstable, causing the Kelvin-
Helmholtz (K-H) instability to become more apparent, and the ODW cellular surface becomes more
irregular. Notably, in some of the scenarios, when zy, is very small, i.e., x, = 20 for 4 x 2 or
xp, = 20,25, 30 for 4 x 2, a detachment between the detonation wave and the tip of the wedge can
be observed, causing significant flow unsteadiness affecting the stability of the initiated ODW and

this phenomenon will be further discussed in the following paragraphs.

80 B0 80
(a) (b) (c)

60 _— 60 P ] o
- o
=40 = 40 V- =40 -

20 P 20 “ 20 g

0 o o
o 20 40 &0 80 100 120 o 20 40 &0 a0 100 120 1] 20 40 60 80 100 120

Figure 5.11: Density schlieren for micro-bumps of length L = 4 with various heights at a location
of z, =40: (a)4 x 1,(b) 4 x 2 and (c) 4 x 4.

Another design constraint on the engineering level is the height of the combustor. As we can
see in Fig. 5.11c, the curved oblique detonation is quite steep, so it is of interest to have a look at
the detonation wave height to avoid a Mach stem formation at the top wall of a confined combustor.
In Fig. 5.11, different bumps all with a length of 4 at a fixed location of z1, = 40 are displayed. The
bump height increases from 1, 2 to 4. The ODW is highly overdriven by the micro-bump affecting

the curvature and the height of the wavefront. The graph given in Fig. 5.12b provides a parallel

94



70 100

——4 X1 —a—4 X 1
609 | —a—axz o ——4 X2
—v—4X4 o —F—4X4
a ~ 80}
S 50 © Benchmark I ©  Benchmark
®© =
<_5 40 ¢ w
c £ 60
S 30 _%
o &
T 20 0
= § 40
=]
10
(a) (b)
1] 20
0 20 40 60 80 0 20 40 (] 80
Obstacle location x» Obstacle location x»

Figure 5.12: For micro-bumps with the sizes of 4 x 1 (blue), 4 x 2 (magenta) and 4 x 4 (red): (a)
the initiation point as a function of the bump location x}, and (b) the wave height at the location of
x = 120 (right) as a function of the bump location x,.

comparison of the detonation wave height at x = 120. When the bump location is placed ahead of
x = 40, the graph indicates that the height of the bump weakly affects the detonation height for all
three bump heights. However, when x is over 40, for a 4 X 1 bump, the wave height at x = 120
drops rapidly because of the effect shown on the previous page that the initiation point caused by
the micro-bump is swallowed by the original ODW structure, only a second initiation point exists,
playing a minor role on the ODW surface. For micro-bumps with a size of 4 x 2 and 4 x 4, the wave
height continues to increase in a similar but more moderate trend.

Figures 5.13 and 5.14 show the effect of the bump length. It is demonstrated that when the
bump height is relatively small, the bump length plays a very minor role in the final results. From
the comparison of Fig. 5.13a and Fig. 5.13b, one can find the only difference is that the wake
structure behind the micro-bump and near the wall is altered. It only affects the downstream wave

inside the ODW, and has no influence on the wave surface.

80 80 -
(a) (b)
60 o 60
=40 =40
20 20
0 20 40 60 80 100 120 0 20 40 60 80 100 120

T T

Figure 5.13: Density schlieren for micro-bumps of height H = 1 with various lengths at a location
of xp, = 40: (a) 4 x 1 and (b) 8 x 1.
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Figure 5.14: For micro-bumps with the sizes of 4 x 1 (blue) and 8 x 1 (magenta): (a) the initiation
point as a function of the bump location zy, and (b) the wave height at the location of x = 120
(right) as a function of the bump location z},.

Figure 5.15 demonstrates the oscillations of the ODW detachment distance over time when the
micro-bump is placed right at the wedge tip. In Fig. 5.15b, the coordinate of the wedge tip is treated
as 0, so the location of the tip of the ODW oscillates in a minus range. This illustrates that when
the micro-bump is too close to the wedge tip, the detonation wave detaches, leading to an unstable

operating condition of the ODWE.
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Figure 5.15: (a) Density schlieren of a 4 x 1 bump placed at the wedge tip x = 10 and (b) the
oscillation of the detachment distance of the ODW front structure over time (0 at the wedge tip).

5.3.3 Effects of rippled wedge surface

After altering the location and size of a single micro-bump, it is of interest to see whether
the number of micro-bumps downstream plays a role in controlling the oblique detonation pattern.
Shown in Fig. 5.16b and d are two examples where a series of micro-bumps is embedded behind

the first micro-bump, leading to a rippled or roughed wedge surface. By comparing Fig. 5.16a
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to b and Fig. 5.16c¢ to d, we can easily tell that although the K-H vortex-rolling instability along
the shear layer is destroyed by the reflection waves generated from the extra micro-bumps and the
compressible turbulence inside the oblique detonation wave is stronger, the bow shock on the head
of the oblique detonation wave structure is still only dominated by the first bump. The increasing
flow instabilities induced by the roughed surface are not able to influence either the flow upstream
(the initiation process) or the detonation surface. The simulation results also show that once the
onset of ODW is established, facilitated by the first bump, the wedge’s surface roughness described

by a series of micro-bumps has negligible effects on the ODW stability.
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Figure 5.16: The density schlieren of (a) a 4 x 1 bump placed at x, = 40, (b) nine 4 x 1 bumps
placed behind x}, = 40, (c) a 4 x 2 bump placed at z, = 60, and (d) seven 4 x 2 bumps placed
behind z1, = 60.

5.4 Concluding remarks

Two-dimensional numerical simulations of ODW initiation induced by a wedge with a micro-
bump on the surface are performed. In the absence of transport effects, this study sheds light pri-
marily on the chemical-gasydnamic effects induced by the micro-bumps on the ODW initiation and
transition type. The results show that the initiation dynamics are very sensitive to the wedge sur-
face characteristics near the leading edge. The results show that within a range of bump locations,

either circular or rectangular, ahead of the initiation point for a smooth wedge surface, the reflected
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bow shock generated by the micro-bump could strengthen the initial OSW and provides a promot-
ing effect on the transition to an ODW. The effect of the micro-bump also resulted in the change
of an initially smooth transition into an abrupt type. The bump location could also be used to de-
lay the surface instability of the downstream established ODW. However, if the micro-bump is too
close to the leading edge, the resulting bow shock could detach from the wedge causing unsteadi-
ness and overall ODW instability. The simulation results also show that once the onset of ODW
is established, facilitated by the first bump, the wedge’s surface roughness described by a series of
micro-bumps has negligible effects on the ODW stability. In agreement with the concurrent work
by Xiang et al. (2022), the present results open up an applied research direction and provide insights
on how the flow perturbation by a mechanical mean to change the wedge surface topography can be
considered to control the ODW initiation and its subsequent surface instability, which can influence
the macroscopic dynamics of the oblique detonation. The interaction between the obstacle and the
bow shock studied by Yang et al. (2020) and Liu et al. (2016) as well as the wave complex resulting
from oblique detonation decoupling by Teng et al. (2022) provides a good basis for the theoretic
analytical investigation. For future works, it is of interest to investigate the counter problem: the ef-
fect of a pothole in the oblique detonation formation. A similar configuration the author is planning
to continue is to replace the micro bump with a nozzle deep inside the wedge structure, continu-
ously injecting reactants and playing a role of an alternative “bump”. These similar configurations
could possibly provide us with an optional angle to analyze the oblique detonation wave promoted
by small perturbations, giving a better understanding and illustration of the mechanism besides the

conclusions we have.
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Chapter 6

Effects of increased instability of
quasi-detonation on its dynamics and

critical phenomena

As mentioned in Chap. 4, at critical conditions, the effect of instability plays a prominent role
in the gaseous detonation transmission from a tube into an unconfined space. This part of the study
aims to clarify such an effect by investigating the critical tube diameter of quasi-detonations. In
Chap. 4, it attempts to change the level of instabilities or modify the inherent detonation frontal
structure by using external means such as a small obstacle to induce flow perturbation, and subse-
quently observe how the perturbed detonation responds in the critical tube diameter phenomenon.
This part of the thesis attempts to look at the detonation diffraction of a quasi-detonation which
has inherently a different reaction structure. The quasi-detonation is referred to detonations being
influenced by boundary conditions such as in an obstructed or rough tube, where the detonation
velocity becomes less than the Chapman-Jouguet value (Lee, 2008; Ciccarelli and Dorofeev, 2008;
Kellenberger and Ciccarelli, 2020). The structure of quasi-detonations generally consists of an ex-
tended turbulent reaction zone with a relatively higher level of instabilities (Teodorczyk et al., 1991;
Ciccarelli and Cross, 2016; Wang et al., 2018a). For quasi-detonation, the competing effects of

velocity deficit due to losses from the rough-walled boundaries and increasing instabilities could
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both affect the outcome of its diffraction and transmission into the open space. It is of interest to see
which of these effects plays a more dominant role. In this study, the transmission of a propagating
quasi-detonation wave in a rough tube into open space is studied via two-dimensional numerical
simulations based on the reactive Euler equations. The roughness required for the formation of
a quasi-detonation is simulated numerically by introducing small obstacles at the computational
wall boundaries, creating velocity deficit and flow instabilities on the detonation front structure.
The resulting transient transmission process and the change in critical diffraction limit for a quasi-

detonation are explored.

* Despite the velocity deficit of the leading detonation front, do the increased instabilities in
quasi-detonation emerging from a rough-walled tube facilitate the transmission into the un-
confined area? In other words, does a more irregular cellular pattern of quasi-detonation can
re-initiate upon the exit of the rough tube in conditions where re-initiation is unsuccessful for

an inherently CJ detonation initially propagating in a smooth tube without losses?
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A numerical study on the influence of increased instability of
quasi-detonation on the critical tube diameter phenomenon, Proceedings of
the Combustion Institute
Chian Yan, Hoi Dick Ng, Xiaocheng Mi

Abstract

At critical conditions, the effect of instability plays a prominent role in the gaseous detonation
transmission from a tube into an unconfined space. This study aims to clarify such an effect by
investigating the critical tube diameter of quasi-detonations, i.e., detonations under the influence of
minor perturbations along the tube walls. The strategy is to conduct two-dimensional numerical
simulations using the reactive Euler equations with a two-step induction-reaction kinetic model.
The chemical kinetic parameters were adapted to model the detonation wave in the stoichiometric
hydrogen-oxygen mixture at 20 kPa and 300 K. The quasi-detonations are obtained in channels
with obstacles (attached to the boundaries) of different sizes to mimic wall roughness, o, which is
defined as the ratio between the obstacle size ¢ and half of the channel width D, /5. Below a critical
value of o, the rough wall creates only minor perturbations to the intrinsic cellular detonation.
Apart from the velocity deficit, the degree of instability and cellular irregularity increases with
roughness, resulting in a broader spectrum in the probability density function of the pressure and
induction rate. For 0 = 0.24, the intrinsic propagation dynamics are more significantly altered—the
cellular structure vanishes locally or small cells re-appear from new re-initiation points. Detonations
in these more significantly obstructed channels are not considered quasi-detonations subjected to
minor boundary perturbations. The influence of small values of roughness on the critical tube
diameter phenomenon is then examined. A shot-to-shot variation in cellular dynamics of quasi-
detonations is considered by performing multiple simulations for each value of roughness to assess
the probability of successful transmission into an unconfined space. For quasi-detonation diffraction
at the sub-critical condition, despite a velocity deficit, increasingly higher instabilities resulting from
a rough-walled geometry promote the re-initiation of a detonation in the open area. However, if the
roughness increases beyond 0.24, both the velocity deficit and different propagation modes in a
significantly obstructed channel lead to a lower probability of successful transmission.

Keywords: Quasi-detonation, critical tube diameter, diffraction, rough-walled tubes, numerical sim-
ulations

6.1 Introduction

Understanding the effect of boundary conditions on the propagation of detonation waves is of
both practical and fundamental interest. When a gaseous detonation wave propagates in an ob-

structed or rough-walled tube, its velocity could become less than the Chapman-Jouguet (CJ) value
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due to losses. This propagation regime is usually referred to as quasi-detonation (Lee, 2008; Ci-
ccarelli and Dorofeev, 2008; Kellenberger and Ciccarelli, 2020; Ciccarelli and Cross, 2016; Wang
etal., 2018a). Besides its velocity, the wave structure and even the propagation mechanism could be
significantly different than the detonation in smooth tubes. In tubes with a relatively low blockage
ratio or roughness, the detonation could retain its cellular characteristics but the reaction struc-
ture becomes tortuous and increasingly irregular (Starr et al., 2015; Ren et al., 2021). Previous
photographic study (Teodorczyk et al., 1988, 1991) also indicates a highly turbulent zone behind
the leading front of the quasi-detonation. The present study is focused on the transmission of this
quasi-detonation wave from a rough-walled tube into an open area and the role of the unstable
reaction-wave structure on the so-called critical tube diameter problem.

The present study attempts to look at the detonation diffraction of quasi-detonations with an
inherently different reaction-wave structure. For quasi-detonations, the competing effects of ve-
locity deficit and increasing level of instabilities both could affect the outcome of its diffraction
and transmission into an open space. This problem thus sheds light on which of these aforemen-
tioned effects play a more dominant role. In our recent experimental study (Sun et al., 2022), it is
shown that the quasi-detonation with a more irregular cellular pattern has essentially the same crit-
ical pressure for transmission as for a CJ detonation despite a noticeable velocity deficit. Based on
computational analysis, the present work provides an explanatory paradigm to illustrate the details
of the diffraction process experimentally examined in Sun et al. (2022) and the significance of the
unstable reaction-wave structure in the critical phenomena of gaseous detonations.

Although there exist quasi-two-dimensional, inviscid formulations for modelling wall effects
into the inviscid core flow, e.g., Xiao et al. (2021), this study opts for another simplified approach to
reduce the computational effort while mimicking the experimental setting by Sun et al. (2022) and
physical characteristics of the critical tube diameters of quasi-detonations. The strategy adopted in
this study is to conduct numerical simulations using an ideal-gas, reactive flow model given by the
inviscid Euler equations with a simplified two-step chemical kinetic model (Ng et al., 2005). The
roughness required for the formation of a quasi-detonation is simulated numerically by introducing
small obstacles at the computational wall boundary, creating velocity deficit and flow instability

on the detonation front structure. The resulting transient transmission process and the change in
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critical diffraction limit for quasi-detonations are explored. This simplified approach allows us to
better isolate gas-dynamic effects and address the role of cellular irregularity on the critical tube

diameter phenomenon.

6.2 Simulation setup

In this study, the dimensionless thermodynamic parameters of the combustible mixture are the
same as the parameters in Table 4.1. These properties approximately represent a stoichiometric
hydrogen-oxygen mixture at 20 kPa and 300 K giving rise to an unstable detonation wave with an
irregular cellular pattern.
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Figure 6.2: Schematic of cellular detonation structure propagating in a rough-walled channel.

Figure 6.1 shows a schematic of the computational setup with an incident quasi-detonation wave
initially propagating in a rough channel mimicked using small obstacles and subsequently diverging
into the open area. The computation domain was based on a uniform Cartesian grid. A symmetry

boundary condition was applied to the top boundary and hence, D/, represents only half of the
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channel width. The bottom left and right boundaries of the domain were transmissive. The domain
has a mesh size of 1800x600. The incident quasi-detonation in the small obstacle-filled channel is
first simulated separately with a very long channel length to allow it to fully develop, see Fig. 6.2.
After sufficient propagation, the flow fields around the quasi-detonation front are then patched into
the detonation diffraction simulation. The side length of square obstacles is denoted as § and the
distance between two consecutive square obstacles [, is fixed at four times the side length, i.e., [
= 44. In this work, the wall roughness o is defined by the obstacle side length to the half channel
diameter 0 = 0/D; /5. For the diffraction simulations, the length of the rough-walled section L is
varied according to each roughness o considered in this work. Here, in this simulation setup, Dy /o=
250 which is slightly lower than the critical half channel diameter in the smooth channel case (Yuan
etal., 2021). In other words, at this D1 /o, the transmission always fails (no-go) in all cases regardless
of the different cellular front structures emerging from the smooth channel, see Fig. 6.3 for the
corresponding numerical soot foil and temperature flow field showing the decoupling between the

reaction zone and diverging front with cell disappearing.
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T

Figure 6.3: Detonation exiting from a smooth channel under sub-critical condition, Dy /5 = 250, (a)
density flow field, (b) numerical soot foil.
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As part of a resolution study, Fig. 6.4(a) shows a direct comparison of the cellular detonation
structures in a smooth tube obtained with A/A, = 10 and 20. The cell irregularity shown in the
soot foils is qualitatively similar and the cell size )\ agree approximately with each other. Fig. 6.4(b)
also shows the numerical cell size distribution counted from 200 cell samples in a long numerical
smoked foil for cellular detonation propagating in the smooth tube. The non-dimensional cell size
A/Ar is found to be 36.4 and the standard deviation is 12.3, which agrees well with the experi-
mental data considering the irregularity of the cell patterns. Fig. 6.5(a) also shows a comparison of
the cellular detonation structures in a rough-walled tube obtained with two resolutions. The aver-
age detonation velocities with different roughness values converged with both grid resolutions, see
Fig. 6.5(b). Another equivalent resolution study is also reported in Yuan et al. (2021). Shi et al.
(2020) using a one-step Arrhenius kinetics also demonstrate a similar resolution range, i.e., a 16
pts per half-reaction zone length [y 5, is sufficient to determine the critical condition for the det-
onation diffraction. To this end, considering also the goal of this comparative study, the mixture
condition and roughness level, a grid resolution of A/A, = 10 is deemed sufficient and used for all

simulations.

2 Y cell size A
(a) smooth tube (b)

Figure 6.4: (a) Numerical soot foils showing the cellular detonation structure in a smooth tube
obtained with two resolutions and (b) the numerical cell size distribution counted from 200 cell
samples in a long soot foil for cellular detonation propagating in the smooth tube.
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Figure 6.5: (a) Numerical soot foils showing the cellular detonation structure in a rough-walled
tube 0 = 0.16 and (b) the average detonation velocity with different roughnesses obtained with a
resolution of A/A, = 10 (dashed line) and 20 (solid line).

6.3 Results and discussion

6.3.1 Quasi-detonations in rough-walled channels

Figures 6.6 and 6.7 show the numerical soot foils and frontal velocity evolution for the quasi-
detonation propagating in rough-walled channels with different sizes of small obstacles to mimic
various degrees of wall roughness: o = 0 (smooth channel) to o = 0.28. Recalled that the numerical
soot foils record the maximum pressure in place to present the trajectory of the triple points in the
detonation front and the local average velocity is determined by tracking the mean leading front
position in the z-direction. To record the oscillation features of the detonation velocity, the velocity
data is collected over 1200 transient snapshots.

From the numerical soot foils, one can notice the increase of roughness in the wall channel
resulted in highly irregular cell patterns for quasi-detonations. Figure 6.6(a) first gives a cellu-
lar structure of the CJ detonation propagating in a smooth channel as a reference. As shown in
Fig. 6.6(b) and (c), i.e., the rough-walled cases with o = 0.1 and 0.16, the cellular patterns are
strongly disturbed and cells are enlarged in some regions while relatively unperturbed cells remain
in the most part of the channel. The cell sizes of quasi-detonations in rough-walled channels are
also greater than those resulting from a smooth channel. Overall, for relatively low o (up to 0.2),
the cellular frontal structure of the quasi-detonation is retained. In other words, the presence of the

wall roughness only generates perturbation and induces irregularity to the cellular quasi-detonation
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o=0.16

Figure 6.6: Soot foils showing cellular patterns of quasi-detonations in (a) a smooth channel and
rough-walled channels with (b) 0 =0.1, (¢c) 0 =0.16, (d) 0 =0.2, (¢) 0 =0.24 and (f) 0 = 0.28. The
red boxes in (e) and (f) highlight the regions where the cellular structure vanishes.

front.

For o = 0.2, the cellular quasi-detonation pattern is highly irregular. At some propagation in-
stances, the wall roughness causes cell enlargement and partial decoupling of the leading front from
the reaction zone, leaving behind unburned, shocked reactive pockets as shown in Fig. 6.8. Subse-
quently, there exist regions of re-initiation giving birth to new small detonation cells. These insta-
bility features, as in a highly unstable detonation wave, are ingredients to promote the successful
transmission of a quasi-steady detonation into the open area.

By increasing further o, the strong perturbation from the large physical scale of the obsta-
cles at the wall becomes significant on the quasi-detonation propagation dynamics. For o > 0.24
(Fig. 6.6(e) and (f)), triple point tracks (and hence cells) in some prolonged regions of the numerical
soot foils (highlighted by a red box) vanish. Subsequently, behind the highlighted regions, there
exit strong local explosion and abrupt re-initiation giving birth to small detonation cells. Unlike the
cases with low o, the larger scale of the obstacles for o = 0.24 and 0.28 can no longer be treated
as rough-walled boundary conditions. The detonation structure and its dynamics are also different
and dominated by the presence of each discrete obstacle. The wall roughness no longer creates
only small perturbations on the cellular detonation and the flow field associated with the detonation

front. Instead, the obstacles change the overall propagation mechanism where the diffraction of the
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Figure 6.7: Time-dependent transient velocity evolution (gray line) and global average velocity
(black dashed line) of the quasi-detonation propagating in rough-walled channels with different
degree of roughness o©.

detonation and reflections from the obstruction and the tube wall of the diffracted front causes the
failure and then ignition as the detonation propagates past the obstacles (Kellenberger and Ciccarelli,
2020; Ciccarelli and Cross, 2016; Wang et al., 2018a). The scenario with high o is less relevant to
answering the question of the effect of instability on the critical tube diameter phenomenon as it
introduces a different propagation mechanism and destroys the inherent cellular frontal structure of
the quasi-detonations.

Figure 6.7 shows the time-dependent detonation velocity evolution and the global average veloc-
ity normalized by CJ speed V3. Increasing o causes a more significant overall “average” velocity

deficit, as well as local velocity fluctuation. In the absence of viscous dissipations, the velocity

108



re-initiation P cellular structure
g regeneration

point

decoupling zone

Figure 6.8: A sequence of density contours showing the unstable features of the quasi-detonation
propagation with o =0.2.
deficit is caused by the energy scattering, in all possible components, by the rough wall, diminish-
ing the strength of the detonation front itself. Apart from the momentum loss in the wave propagat-
ing direction, the velocity deficit comes from the modified front structure, enhanced by the global
wrinkled curved front, as a result of the interactions with the rough wall. Despite the fact that
only chemical-gasdynamic effects and a two-dimensional configuration are considered, the velocity
deficits for increasing wall roughness degrees are nonetheless in agreement with the experimental
study using helical wire spirals to mimic wall roughness in a circular tube with Dy /5 = 19.05 mm
(Ren et al., 2020). For a roughness 0 = /D, /2 from 0.08 to 0.26 where 4 is the wire diameter, the
V/Vey value at 20 kPa for 2Hs + O2 ranges approximately from about 0.85 to 0.75, respectively.
With a relatively small tube diameter used in the experiment by Ren et al. (2020), a velocity deficit
of about 5% is already present in the smooth tube. The 2-D geometry used in the simulation where
the possible curvature in one other direction is neglected. When the roughness approaches a critical
value, i.e., 0 = 0.24, the detonation velocity evolution reproduces the wave behaviour as observed
from the cellular pattern, i.e., a low-velocity period indicating a failure or decoupling of the leading
front and reaction zone, followed by an abrupt increase to as high as 1.2V due to a strong local
explosion. Due to a different propagation mechanism and quasi-detonation frontal structure, the
focus should be limited to the case with relatively low o where only perturbations are introduced,
inducing additional instabilities without significantly modifying the overall dynamics features.

The induction-reaction-zone dynamics of an intrinsic cellular detonation resulting from a smooth

channel and quasi-detonations in rough-walled channels with o < 0.24 are further scrutinized via
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statistical analysis. The simulation data of the pressure field p and induction rate &y is collected
in a window following the non-planar pattern of the detonation front as shown in Fig. 6.9. This
data-collection window has two wings of 20 and 60 times A; ahead and behind the shock front,
respectively. The top and bottom boundaries of the data window are aligned with the inner surface
formed by the top of obstacles to reduce the disturbance from the reflection between the wall and
obstacles. In order to minimize the noise introduced by the transient fluctuations of an unstable det-
onation, data were collected throughout 1200 transient flow-field snapshots, including propagation

over many small obstacles and multiple cycles of cellular patterns.

detonation front

data window |

Figure 6.9: The schematic for the data window near the detonation wave shock front, collecting the
data required in the probability density function distribution.

Figure 6.10 presents the probability density function (p.d.f.) distribution of the pressure p and
induction rate wy in the data window. Although the p.d.f. distribution of different cases, both for
smooth and rough-walled channels, peaks at different values. The spread of the distribution indi-
rectly gives us some description of the degree of instability or fluctuation level within the detonation
flow field. As seen in Fig. 6.10(a) and (b), although the overall distribution of pressure p and induc-
tion rate wy and their peak values shift leftwards for quasi-detonations with increasing o, this also
results in a wider spread of the p.d.f. spectrum. These results suggest that, although the bulk reac-
tion rates and transverse pressure wave strength of a quasi-detonation are reduced by the obstacles,
primarily due to the decrease in average detonation velocity in an increasingly rougher channel, the
instabilities induced by the wall roughness broadens the probability distribution of the reaction rates

and pressure fluctuation range of the quasi-detonation.
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Figure 6.10: The probability density function of (a) pressure p and (b) induction rate with roughness
0=0,0.1,0.16 and 0.2.

6.3.2 Detonation diffraction from rough-walled channels

The previous section shows conclusively that for quasi-detonation propagating in rough-walled
channels (with 0 < 0.24), an increase in instability can be manifested within the cellular detona-
tion structure and it is this effect of increased instability we would like to explore the critical tube
diameter problem. Since the cellular pattern of quasi-detonation is highly irregular, a shot-to-shot
variation in cellular dynamics of the emerging quasi-detonation from the rough-walled tube should
be considered. A large number of simulations are thus repeated for each roughness by initializing the
incident quasi-detonation at different locations. This resulted in different unstable quasi-detonation
frontal structures exiting the rough channel.

Figure 6.11 shows some typical results obtained from these simulations for four levels of rough-
ness (up to the critical level of o = 0.24). Depending on the instantaneous unstable structure of the

quasi-detonation emerging from the rough-walled channel, some instabilities can indeed lead to the
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Figure 6.11: Numerical soot foils showing a single case of the no-go mode diffraction (left) and go
mode diffraction (right) with roughness (a) o = 0.1; (b) 0.16; (c) 0.2 and (d) 0.24.

re-initiation and successfully transmit a detonation into the open area. On one hand, from the left
column of Figure 6.11, the diffraction will highly possibly result in a no-go case if the incident det-
onation is maintaining a well-formed regular cellular structure or partially failing at the exit. On the
other hand, the right column shows that if a re-ignition point from the unstable propagating quasi-
detonation structure is close to the exit of the channel, the detonation will re-initiate and result in
a go case. This demonstrates how the irregularity of the detonation structure could facilitate trans-
mission and give rise to the possibility of a go mode in a sub-critical condition of the CJ detonation
case in a smooth channel.

The number of successful and unsuccessful re-initiation of the diverging detonation wave with
different degrees of roughness is presented in Fig. 6.12. For each roughness degree, the numerical
experiments were carried out using the fixed-initial-condition incident quasi-detonation waves ob-
tained at different transient frames. Each of the roughness degrees was repeated over 20 times. In
essence, the plot shows the probability of getting detonation re-initiation for successful transmission

from the total number of runs performed for each roughness. The results for roughness o between
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Figure 6.12: Successful (go-mode) and failure (no-go mode) detonation transmission cases and the
probability curve (blue dashed line) for successful detonation transmission (go-mode) at D /o =250
with different roughnesses o values.
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Figure 6.13: The probability curve for successful detonation transmission (go-mode) with different
degrees of roughness, at Dy 5 = 230, 240 and 250.

0.2 and 0.24 are considered to be in a transition regime where, as indicated in the previous sec-
tion, the propagation mechanism differs with stronger effects of each isolated obstacle. These large
obstacles can no longer be considered as wall roughness introducing only mild disturbances to the
intrinsic cellular structure. Here, the results show that within the critical roughness value, the larger
the roughness, the higher probability of re-initiation. Hence, the higher instabilities at the detonation
front caused by the rough wall appear to provide an additional mechanism to facilitate the transi-
tion, creating an explosion bubble and subsequently the detonation re-initiation in the open area.
For reference, when the wall roughness is further increased over a critical degree, i.e., o > 0.28,
the resulting velocity deficit, together with a different propagation mechanism relying on failure and

re-initiation, as well as the presence of a prolonged decoupling between the shock and reaction zone
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or local failure indicated by the disappearance of cellular structure will, in turn, reduce again the
possibility of re-initiation. A similar trend for slightly narrower tube diameters where Dy /5 = 230
and 240 was also found by repeating the whole numerical experiment with altered initial conditions
as shown in Fig. 6.13. Notably, the successful transmission probabilities for D /5 = 230 and 240
were obtained by repeating the numerical experiments 12 times only at each roughness degree. It
could be less convincible, but enough to illustrate that when the half tube diameter is slightly lower
D, /5 than the critical value, which equals 250 according to this initial condition setup, the compet-
ing mechanism between velocity deficit and cellular instability overtakes each other, dominating the

quasi-detonation diffraction process based on the degree of roughness.

6.4 Concluding remarks

The present study clarified the role of instability and unstable structure in the critical tube diam-
eter phenomenon. This is addressed numerically by considering the dynamics of quasi-detonations.
The results show that the quasi-detonation in rough-walled channels has a higher degree of insta-
bilities (or a higher level of cell irregularity). It is important to emphasize the focus is on the effect
of roughness which aims to generate only perturbation and additional instabilities to the cellular
quasi-detonation. The present results demonstrate that, above approximately o = 0.24, the det-
onation propagation dynamics changes to a different mode where the larger roughness (or more
appropriately blockage ratio) no longer generates only minor perturbations, but causes failure and
re-initiation due to the wave diffraction and reflection as the detonation past the obstacles.

To answer the fundamental question being posed in this work, an important finding is that, below
a critical value of wall roughness, despite the velocity deficit of the leading detonation front, the
additional inherent instabilities of the quasi-detonation are shown conclusively to provide additional
ingredients to promote the successful transmission or re-initiation of the detonation downstream in
the open area. This finding is consistent with the previous experimental results indicating that
the increase of quasi-detonation cellular irregularity compensates for losses from the rough wall
facilitating the successful detonation transmission into the open area. Above the critical value, both

the decrease in the wavefront strength and a switch to a different propagation mechanism described
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by continuous diffraction, flow jetting, failure and re-initiation of the quasi-detonation via diffracted
shock reflection reduces again the probability of successful detonation transmission.

Altogether with Lee (1996); Xu et al. (2019); Yuan et al. (2021); Mehrjoo et al. (2014, 2015);
Sun et al. (2022), the present numerical results further support that the failure and re-initiation
mechanisms of the diffracting detonation wave are related to the degree of cellular instabilities of
the unstable detonation front structure emerging from the confined tube.

At last, this study aims to provide a qualitative analysis of the role of instability on the criti-
cal tube diameter by considering the increased cellular irregularity of quasi-detonation induced by
various rough walls as compared to the propagating CJ detonation in a smooth tube. The inviscid
model is appropriate while the propagating quasi-detonation cellular structure retains and only the
effect of perturbations caused by the rough wall on its irregularity is considered and hence, its con-
sequence on the transmission and re-initiation in the open area. Nonetheless, in order to establish
a more quantitative dependency between the roughness and the critical condition for transmission,
as well as to predict accurately the viscous losses, the reactive Navier-Stokes equations and a more
detailed rough-walled boundary model will need to be considered in the future work. For very
large roughness or blockage beyond the limit interested in this work, with additional propagation
mechanisms being introduced, the wave propagation could resemble a deflagration-to-detonation
transition (DDT) process wherein a decoupled front and large unburned pockets in an extended
reaction zone are formed. Diffusive and turbulent transport in turn becomes significant for flame
acceleration and burning of those relatively large gas pockets which thus relies on the need for the

Navier-Stokes simulations.
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Chapter 7

Conclusions

7.1 Summary

In this thesis, the role of detonation instabilities on propagation and critical phenomena is inves-
tigated. Numerical experiments were carried out in different settings to show the effect of instability.
For the critical tube diameter problem, when the tube diameter is lower than a critical value, the in-
cident detonation always fails to re-initiate. The simulation results demonstrate that an incident
detonation wave with fully developed cellular instabilities is more prone to re-initiation in the un-
confined space than a planar (laminar-like ZND) incident detonation. A small obstacle inserted at
certain locations relative to the diffracting detonation wave promotes the propensity of re-initiation.
For a successful re-initiation in an unstable mixture, a sufficient degree of flow instabilities (ei-
ther survived naturally from the incident detonation or induced artificially by a small obstacle) is
required to induce an explosion bubble for the onset of re-initiation. For oblique detonations, the
results show that the initiation dynamics are very sensitive to the wedge surface characteristics near
the leading edge. Within a range of bump locations ahead of the initiation point for a smooth wedge
surface, the reflected bow shock generated by the micro-bump could strengthen the initial OSW and
provides a promoting effect on the transition to an ODW. The bump location could also be used to
delay the surface instability of the downstream established ODW. If the incident detonation wave of
the critical tube diameter problem is a quasi-detonation generated by rough walls, below a critical

value of wall roughness, despite the velocity deficit of the leading detonation front, the additional
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inherent instabilities of the quasi-detonation are shown conclusively to provide additional ingre-
dients to promote the successful transmission or re-initiation of the detonation downstream in the
open area. Finally, for the design of the rotating detonation engine, the inhomogeneity imposed by
spatially discrete injection slots plays a significant role in the resulting RDW propagation modes.
An increase in slot area ratio has a stabilizing effect on RDWs. In the slot nozzle injection, the
spatial discreteness results in the irregularity of inflow taking the dominance of detonation surface

instability.

7.2 Conclusion and contribution to knowledge

Throughout the numerical experiments conducted in this thesis, it is demonstrated conclusively
that the instabilities of the unstable reaction structure play a crucial role in the detonation propaga-
tion dynamics. The inhomogeneity and mixture conditions created by different injection types have
a vital influence on the rotating detonation wave patterns in the design of the combustion chamber
and injection nozzles of rotating detonation engines. Through the study of the critical tube diam-
eter phenomenon, numerical results are obtained clarifying the role of cellular instabilities of the
detonation front emerging from the confined tube and its necessity for successful re-initiation. The
artificial perturbation on the surface of a wedge has an essential promoting effect on the oblique
detonations. The methodology is one of its kind by addressing the research question using an exter-
nal means to artificially generate instabilities or consider scenarios where increased instabilities will
naturally occur within the unstable detonation structure. These research results can have practical
implications by further developing techniques to suppress instability (such as those concepts used
in detonation arrestors) or generate instability to promote detonation initiation and its propagation,

particularly for the design of detonation-based engines.

7.3 Future works

In the present works, fundamental detonation problems such as the critical tube diameter prob-

lem and recently focused rotating detonations have been investigated using a simplified numerical
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approach. For future work, non-ideal instability effects resulting from complex geometries rele-
vant to a more realistic engineering problem will be taken into consideration. The type of artificial
perturbations can be beyond current research (i.e., spatial obstacles), such as inert layers and non-
premixed fuels and oxidizers. The interaction between gases could also be a good topic to explore.
At last, this study aims to provide a qualitative analysis of the role of instability in detonation.
Despite the results from the ideal inviscid assumption being interpreted in a careful manner, un-
avoidably the model has its limitation. To establish a more quantitative study as well as to assess the
role of transport effects at critical detonation phenomena, the compressible Navier-Stokes equations

and more detailed chemical kinetic models will need to be considered in future works.
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Appendix A

The fiiting of the two-step kinetic model

parameters

In this appendix, the following describes the procedure for fitting the parameters of the two-step
kinetic model, in order to obtain the 1-D ZND detonation structures using detailed chemistry.

The example combustible mixture is selected as stoichiometric hydrogen-oxygen at 20 kPa and
300 K, which is used in § 4 and § 6. The detailed mechanism of the chemical reaction is by Li et al.
(2004) from Princeton. From the CHEMKIN equilibrium calculation, the detonation velocity D¢

= 2750.6 m/s and Mach number Mcj = 5.0984. The ZND structure is given by Fig. A.1.
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Figure A.1: The ZND structure of stoichiometric hydrogen-oxygen at 20 kPa and 300 K given by
the detailed chemistry (Li et al., 2004).

Normalizing the variables gives Fig. A.2. Following Radulescu and Maxwell (2011), the isen-

tropic exponent was taken at the Von-Neumann state from the Chemkin ZND calculation, i.e., 7y
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Figure A.2: The Normalized ZND structure of stoichiometric hydrogen-oxygen at 20 kPa and 300
K.

= 1.32. The post-shock temperature Tj is 1683.3 K. The global heat release @)/ RTy = 21.365 is

calculated to approximate the CJ Mach number using v = 1.32, given by:

Q 5 1\?
RTy ~ 202 1)) (MCJ - MCJ> | ©7)

The activation energy E,/RT; can be determined by:

FE, llnm —Inn
= = _ 68
€1 RTS Ts TLQ*TLI ’ ( )

where 7 is the induction time, and two constant-volume explosion simulations are run with initial
conditions (77, 71) and (75, 72). Conditions for states one and two are obtained by considering the

effect of a change in the shock velocity by +1%Dcj. The resulting e1 calculated from Chemkin is:
* (1683.3 K, 5.4010 x 10~7 sec) Dcy;
* (1709.4 K, 4.9748 x 1077 sec) 1.01 D¢y;
* (1657.4 K, 5.8805 x 1077 sec) 0.99 Dc;.
Hence, using these values, the induction activation energy is found to be: E,/RTy = ¢1 = 5.414.
Using the same two-step kinetic model as in Ng et al. (2005), it gives:

Q/RT) = 21.365;v = 1.32; 61 = 5.414; ep = 1.0; ky = —uyn = 1.0022; T3 /T = 5.0373. (69)

We can adjust kg so that it fits better with the ZND profiles from the detailed chemistry. Here we

137



choose kr = 4.0. The comparison of the ZND structure is given in Fig. A.3. With these initial
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Figure A.3: The comparison between the normalized ZND structures given by detailed chemistry
(solid lines) and two-step model (dashed lines).

parameters, the two-step chain-branching kinetics can be used to approximate the chemical reaction

for a specific combustible mixture at a designated condition.
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Appendix B

Patching detonation waves using an

adjustable domain

Domain n

copy and paste the flow field switch location when
near the detonation front leading shock is detected

Domain n+1

Figure B.1: The schematic of the adjustable domain with the patching of the flow field near a
detonation front.

In this appendix, the following describes a method that significantly reduces the computational
cost when simulating detonation waves in a tube.

The propagation of cellular detonation waves usually needs a long enough channel to develop
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and reach a quasi-steady state fully. In numerical simulations, this requires a large computation
domain. To reduce the computational resources requirement, an adjustable domain is introduced
to simulate cellular detonation waves propagating in a tube by copying and pasting, also known as
”patching”, the conserved variables of the flow field. With this maneuver, a sizeable computational
domain with unlimited tube length can be achieved with much less computational cost.

Figure B.1 explains the procedure of the patching. When the detonation wave propagates down-
stream, a detector is placed near the right end of the domain. In this study, the detector’s location is
usually 20 times the reference length. When the leading shock of the detonation crosses the detector,
the conserved variables of the flow field near the detonation front (usually 1/3 of the domain length)
will be copied and pasted back to the left end of the domain. The flow field to the right-hand side of
the paste detonation pattern will be replaced by fresh mixtures with pg and pg. By this maneuver,
the domain can be extended by 2/3 of the domain length each time and by repeating this cycle, the

domain can reach an unlimited length with a low computational cost.
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