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Abstract
The deflagration-to-detonation transition via the interaction of a weak shock with a series of
discrete laminar flames is analyzed computationally based on the unsteady reactive Navier-
Stokes equations with one-step Arrhenius chemistry. For comparison, simulations with the Euler
equations are also performed. The numerical setup aims to mimic an array of laminar flames
ignited at different spark times, artificially inducing chemical activity to stimulate the coupling
between the gas dynamics and the chemical energy release for the deflagration-to-detonation
transition. The interaction of the weak shock with the first cylindrical flame demonstrates a very
good agreement with the results in the literature and that a single weak shock-flame interaction is
insufficient to cause a prompt DDT. However, a high degree of Richtmyer-Meshkov instabilities
induced by repetitive shock-flame and shock-boundary interactions generate turbulence that
accelerates the flame surface, referred to as the flame brush, until eventually a hot spot ignition
in the unreacted material develops into a multi-headed detonation wave. In the absence of
physical diffusion in the Euler simulation, the enhanced burning rate of the turbulent flame brush
is suppressed. Nevertheless, the intense flow fluctuations generated by the interactions of shocks,
boundary and flames create the conditions under which a deflagration-to-detonation transition
can potentially occur at later times. A parametric study is also reported in this paper to assess the
influence of various physical parameters on the transition event and to explore scaling

relationships among these parameters.
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1. INTRODUCTION

A gaseous detonation is a supersonic combustion-driven wave travelling at a velocity of the
order of 2 km/s, across which a significant increase in pressure and temperature occurs in the
medium. In recent years, pressure-gain detonative combustion attracts renewing interest due to
its potential application in air-breathing hypersonic propulsion to improve the thermal efficiency
of engine systems [1-5]. Generally, a detonation can be initiated in two ways. One way is by a
rapid deposition of a large amount of energy into the combustible mixture, referred to as direct
initiation [6]. The detonation is formed instantaneously from the decaying strong blast wave. In
the limit of an ideal point source energy, the initiation energy is the sole parameter that
determines whether a detonation can be initiated. This method of detonation initiation requires
the use of a very powerful energy deposition, e.g., from a high-voltage capacity spark discharge,
a condensed phase energetic explosive material, or laser ignition [7]. Hence, it is not practical for
any realistic propulsion applications.

The other mode of detonation initiation is referred to as deflagration-to-detonation transition
(DDT). The DDT phenomenon has attracted significant attention in applied research due to its
potential applications in hypersonic propulsion systems such as pulse detonation engines (PDESs),
as well as in industrial process safety, particularly with the recent interest in the hydrogen
economy, where DDT phenomenon is the most probable cause resulting in the formation of
detonations in accidental explosions [8. 9]. DDT involves an initial ignition of a combustible
mixture by some relatively weak energy source producing a laminar flame, followed by an
acceleration through interactions with its confinement. The generation of turbulence results in a
coupled shock wave-reaction zone structure and eventually the onset of a detonation under
appropriate conditions [8-11]. The distance required for the transition is referred to as the DDT

or “run-up” distance.
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For the successful and steady operation of detonation-based engines such as PDES, repetitive
initiation of detonation waves is required [9]. DDT is by nature a complex and stochastic process
due to various turbulent and instability mechanisms that cause the transition from low-speed
flame propagation to a high-speed turbulent deflagration and eventually a detonation wave. After
a small spark has created a deflagration, the transition needs to cover a relatively long process
towards the onset of detonation. Experiments in simple straight tubes also showed that during the
acceleration of a flame to a detonation, the transition or run-up distance required for
deflagration-to-detonation transition is hardly reproducible due to the aforementioned turbulent
and instability mechanisms that play a role in promoting the transition to detonation [11].
Therefore, having consistent and repeatable DDT as a viable initiation method in detonation
engines remains challenging. For practical purposes, particularly in propulsion applications, the
key issue is to find appropriate mechanisms for rapidly generating detonation waves from DDT
with a relatively weak ignition source; in other words, to reduce the time and distance required
for a complete DDT process in order to minimize the size of the engineering system and the
amount of energy input required for initiation, thus, producing reproducible shot-to-shot
performance [9, 12]. Solving this issue will result in more efficient, compact engines which can
operate with increased pulse frequency. Up-to-date, the common techniques to facilitate the
flame acceleration are to modify the boundary condition by inserting a Shchelkin spiral,
rectangular obstacles or by using jets to promote the generation of turbulence [11].

In the literature, a number of computational studies on the initial shock-flame and shock-
boundary interactions have been performed to describe the fundamentals of a DDT process [10,
13-16]. These studies show that compressible turbulence and shock-flame interaction are

responsible for creating the proper condition for the final onset of detonation. As in other
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detonation phenomena, the key mechanism for a successful DDT is the close coupling between
energy release and shock wave propagation [17]. In the pioneering work by Zel’dovich et al.
[18], the coupling originated from the shock-flame and shock-boundary interaction, eventually
leading to a spontaneous onset of detonation, was modeled by an initial gradient of auto-ignition
delay time through temperature and composition non-uniformities in the pre-conditioned reactive
mixture. Similar studies were subsequently carried out numerically and theoretically by a
number of researchers (see [19] and references therein). These factors promote the amplification
of a high-speed shock through coherent energy release, later termed by Lee & Moen [11, 20] as
the concept of Shock Wave Amplification by Coherent Energy Release (SWACER). This
concept was used to qualitatively explain the photochemical initiation and turbulent jet initiation
of gaseous detonations, “explosion within the explosion” at the onset of detonation [11], and
detonation formation from a temperature gradient [21, 22].

In order to promote the coherent coupling between the gas dynamics and energy release to
control the transition from deflagration to detonation, an engineering concept of using spatially
distributed energy release was previously proposed. The idea is to synchronize the propagation
and amplification of a weak shock interacting with an array of laminar flames ignited through
different spark sequences in the reactive mixture to achieve very short distances for DDT in
smooth tubes. Such ideas of using external sources to facilitate the onset of a detonation was
proposed as early as the 1950°s by Zel’dovich & Kompaneets [23] theoretically and has been
applied experimentally, notably by Frolov et al. [17, 24] using controlled triggering of electric
ignition. The time delay of each ignition could be varied within a wide range (from 10 to 500
us). The energy of discharges is controlled by the voltage ranging from 1500 to 2500 V. The

experimental work by Frolov et al. [24] has demonstrated the use of relatively weak igniters with
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optimally tuned triggering times to promote detonation initiation in premixed CsHg + O, + 3N,
and stoichiometric CsHg/air mixtures at distances as short as 0.6 — 0.7 m in a 2-inch diameter
tube at normal initial conditions (at about the cross section CS7 shown in Fig. 1 of ref. [24]). Hu
et al. [25] also simulated the rapid detonation initiation by sparks modelled by a high-energy
region with ignition temperature but also with high ignition pressure. These studies demonstrate
that the initiation technique using multiple sparks has the potential to induce DDT.

The primary objective of this work is to demonstrate numerically the possibility of
deflagration-to-detonation transition resulting from multiple shock-flame interactions. As such,
an ideal reactive flow model with a one-step chemistry is considered, avoiding the need of large
computational resources and data interpretation. In this numerical investigation, the phenomenon
is described by a relatively weak shock wave travelling along a tube filled with a reactive
mixture and an array of cylindrical laminar flames ignited through different spark sequences as a
means of artificially inducing chemical activity to stimulate the strong coupling required for the
transition of deflagration-to-detonation. The present numerical work differs from that of Hu et al.
[25]. The present investigation considers only weak sparks resulting only in the generation of
laminar flame kernels across which the pressure remains constant. The effect of elevated
pressure inside the flame kernels due to the high-voltage discharge, as in the experiments by
Frolov et al. [24] and in the simulation by Hu et al. [25], are thus eliminated so that a more
practical flame ignition by weak spark is modeled and investigated. The outcome of this
numerical work will further solidify whether the proposed concept of using multiple weak sparks
(while minimizing the input spark energy as much as possible) can be a potential approach for
propulsion applications. Besides, the present investigation is an extension of the work of

Khokhlov et al. [14-16] which analyzed the flow field resulting from the interaction between a
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weak shock and a single laminar flame kernel. The possibility of deflagration-to-detonation
transition resulting from multiple shock-flame interactions has not been explored. Using
numerical simulations, a number of parameters are also varied to gauge their effect on the run-up
distance and time to the onset of detonation. Validation testing has been performed to examine
the effect of various numerical details on the key simulation results of the shock-flame

interactions and the overall DDT process.

2. PROBLEM FORMULATIONS AND NUMERICAL METHODOLOGY

The reactive flow dynamics is governed by the unsteady, fully compressible Navier-Stokes
equations [26, 27] coupled with a chemical reaction model:

% .oV =0
ot pY)=

a(pV; d
(0 l)+V-(le-V)+—p=V-Tl-
at axi (1)
oF
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where p is the density, V = (u, v, w) the velocity, E the total energy, p the pressure, A the mass
fraction of reactant across the domain, k the thermal conduction coefficient, D is the mass

diffusion coefficient, w the reaction source term, and zthe viscous stress tensor given by:

oV, aV,\ 2 vy
= —Zpov—=S5.. (2)
Lij pV(ax]- * 6xi> 3pvaxk Y

The total local energy of the system is defined as the sum of the kinetic energy and internal
energy of the gas. The equation of state is that of an ideal gas and the reactive term is modelled

with an Arrhenius rate law, i.e.:
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The material and chemistry properties of the reactive mixture model a stoichiometric acetylene-
air mixture as a single-gas approximation. The transport values of the kinematic viscosity,
diffusion, and heat conduction are approximated by similar temperature dependence:

™ ™ K ™
V=V,— D:DO? E:koj 4

with n = 0.7 and the specific heat c, = YR/M(y-1). vo, Do, and ko are constants given in Table 1.
The system thus has a Lewis, Prandtl and Schmidt number to be unity. This model has been
extensively tested and used for DDT problems, e.g., [10, 13-16, 28-32]. Initial conditions and
other calibrated mixture model parameters are also summarized in Table 1. For the generic
model used in this work, most of the combustion and chemical kinetic parameters are taken
directly from the works of Khokhlov et al. [14, 15]. To better capture the reported flame speed
and thickness of the corresponding one-dimensional laminar flame profile, the diffusive
coefficient and pre-exponential constant in the rate law are updated using the Zel’dovich-

Kamenetskii theory [27].

Mixture parameters Value
Initial pressure p, 1.33x 10* Pa
Initial temperature T, 293K
Initial density o, 1.58 x 10! kg/m®
Flame temperature T 2340 K
Laminar flame speed S; 1.4 m/s
Detonation velocity Dc; 1870 m/s
Specific heat ratio y 1.25
Molecular weight M 29
Chemical heat release Q 35.0 RT/M
Activation energy E, 29.3RT,
Pre-exponential constant A 5 x 10% m¥/kg-s
Transport constant vy = Dy = kg 2.4x107

TABLE 1. Initial condition and mixture model
Parameters (adapted from [14] and [27])

The present simulation is carried out in a two-dimensional configuration to look at the

interaction of a weak shock wave and multiple cylindrically expanding flames. Solutions to the
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governing equations described above, i.e., the reactive Navier-Stokes equations with single-step
Arrhenius kinetics, are approximated using the finite-volume 2" order Weighted Average Flux
(WAF) scheme with an approximate HLLC Riemann solver and operating splitting for the
source term [33]. The diffusive fluxes are evaluated using a second-order accurate finite-
difference scheme. The CFL number used in the computation is 0.90. As shown in Fig. 1,
adaptive mesh refinement (AMR) is employed to dynamically increase the resolution of a
simulation where patches of higher grid density are laid over the coarser grids in regions of
interest around shocks, flame fronts and regions of large gradients in density using a hierarchical
grid structure first proposed by Berger & Oliger [34]. The AMR method refines sub-grids in time
as well as in space, which allows for the numerical method to be invoked at its optimal time-step
on each grid, minimizing the accumulation of truncation errors caused by sub-optimal time-
stepping. Re-mapping between grids at different levels is performed by interpolation with flux
corrections applied along the edge of each of the refined grids to maintain conservation [35]. To

flag regions where the grid refinement is required, the following indicator function is used:

. . — D N 2
(pl+1,] pl—l,]) + (pl]+1 pl] 1> /pl] S g
Xit1 — Xi-1 Yit1 — Vi—1

The normalized density gradient is used to provide a measure of the total error produced by

running the simulation at coarser resolution locally. & represents a threshold which can be tuned
to reduce the numerical error of the simulation at the expense of more of the simulation domain
being covered with refined meshes. A value of & = 20 is specified throughout. The combined
AMR framework, flow and reactive source solvers has been validated for a variety of inert

shock-tube problems, together with a reactive problem with exact solution, e.g., [26, 27, 36, 37].
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FIGURE 1. Schematic of the computational setup for the two-dimensional simulation

A schematic of the computational setup for the present two-dimensional simulations is shown
in Fig. 1 with a computational domain denoted by Ly x Ly, an initial flame radius r, incident
shock Mach number M,, and distance between discrete flames I. The circles shown in Fig. 1
represent initial flame kernels ignited before the shock passage. These flame kernels are
embedded in the computational domain to approximate a sequence of low energy ignitions. For
simplicity, these are initially set up as a discontinuity between cold reactants and hot products at
constant pressure and adiabatic flame temperature Tr. The simulation is restricted to half of the
domain, with a symmetry plane or reflective boundary condition applied along the lower
boundary to minimize the computational expense. The top boundary is a non-slip, adiabatic,
solid wall for the Navier-Stokes computation (and slip boundary condition for the Euler
simulations). The left and right boundaries have transmissive, non-reflecting condition where the
ghost cells take the lowest-order extrapolation of the adjacent cell values. Unless specified
otherwise, five levels of AMR grid refinement are used (2, 2, 2, 2, 2). The base resolution

Page 10 of 36



combined with AMR gives an effective resolution with AX in the highest level equal to 47 pm
(equivalent to approximately 5 cells across the initial flame thickness of 2.5 x 10 m or 10 cells
within the 1-D detonation thickness of ~ 0.5 x 10™*m).

For an initial case, 12 flame kernels were first considered to approximate a sequence of low
energy ignitions in a computational domain with height Ly = 16.5 mm and length L, = 0.36 m.
The choice is similar to the number of lateral ports for electrical igniters used experimentally in
Frolov et al. [24]. The flame kernels were evenly spaced, separated by a distance of | = 18 mm
from each other (center to center). Again recall that these flame kernels represent low energy
ignitions and the flame surface is initially set as a discontinuity between the cold reactants
outside the kernel and combustion products at adiabatic flame temperature Ts inside the flame
kernel with the same initial pressure. The initial radius of the kernels, or flame amplitude, was
set to r = 4.5 mm. The first kernel is located at a distance I, =9 mm from the left boundary. A
weak planar shock which has a velocity equal to M, = 1.8 is placed upstream of the first kernel,
at a distance I; = 6 mm from the left boundary. Downstream of the shock the flow speed is set
everywhere as zero, whereas upstream of the shock the flow properties are determined by the

Rankine-Hugoniot condition.

3. RESULTS AND DISCUSSION

3.1 Detailed flow features and DDT via shock-multiple flames-boundary interactions

The results from the simulations are presented using temperature, pressure contours and density-
schlieren plots. Here, the schlieren plots are used to provide visual identification of shocks,
contact surfaces, and rarefaction waves within the flow and can be modeled numerically using

the formula:
5)
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max(|Vpl)

where € is an amplification factor for small gradients ranging from 20 to 100.

Figure 2 first shows the early evolution of the incident weak shock after interaction with the
first few discrete flames. The shock interaction with the first flame kernel leads to the distortion
of its flame front as a result of the Richtmyer-Meshkov instability, occurring due to the shock
acceleration of two fluids with different densities [38-43]. Due to the vorticity generated on the
edges of the flame as a result of its increased angle of interaction with the shock, the flame
elongates and the instability also leads to the formation of a funnel of unburned reactants
intruding into the hot burned region of the flame bubble.

The schlieren plots of Fig. 2 show that after the incident shock reaches the flame kernel, the
top part continues to propagate downstream outside the kernel, whereas the bottom part of the
shock is partially diffracted inside the kernel and partially reflected as a circular wave. Around
the surface of the bubble as shown in the first four schlieren frames, the initially planar shock is
bent due to an acoustic impedance mismatch. Both the transmitted and incident shock waves are
deformed through diffraction and refraction, respectively. A portion of the circular wave
reflected upstream as a rarefaction wave and the rest, after it reflects at the top boundary, either
travels perpendicular to the initial shock or merges with the amplifying shock wave. Inside the
flame kernel, the shock travels at a higher speed compared to the top part, and after multiple
reflections and diffractions, a shock emerges from the right side of the bubble, followed by
subsequent faster waves that join the leading wave and further amplify its strength. This is
evident by the pressure increase behind the leading shock at later times in the pressure plots of

Fig. 2. In the following collision, the funnel penetrates into the subsequent flame and pushes the
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interface ahead. Similar shock reflections and diffractions repeat for all the subsequent kernels as

they interact with the leading shock.
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FIGURE 2. Temperature, pressure contours and schlieren plots showing the early shock-flame interactions

The shock wave proceeds to interact with the rest of the flame kernels, leading to intense
mixing, turbulence and coalescence of flames to form a larger flame brush. The flame surface
gradually increases, and along with an increased generation of turbulence, leads to a greater rate
of energy release. A more rapid energy release accelerates the flame propagation and the
transition to a turbulent flame. In order for a successful DDT to occur, the flame brush has to
continue to accelerate, until achieving a critical deflagration speed, leading to an abrupt change

of the mode of reaction wave propagation.
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FIGURE 3. Vorticity and temperature flow fields after multiple shock-flame interactions
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FIGURE 4. Temperature fields and zoom-in schlieren plots showing the onset of detonation

The interaction by the shock causes the flame surface to increase, leading to an increase in
the rate of energy release. Besides the burn-out rate of flame folds, flame acceleration is further

supported by the increased presence of small-scale turbulence which can be seen in the last panel

of Fig. 3. In addition, the effect of the boundary layer becomes also significant and shocked
reactants begin to react near the top wall boundary which can be seen in Fig. 4. Between the
flame kernels and the top boundary a large amount of shocked reactant exists, however it

gradually reduces in size due to the elongation of the flame brush in the y-direction and the

ignition of combustible near the wall boundary.
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The flow ahead of the flame brush is also affected by compression waves that have been
generated by the interaction and reflection processes and propagate downstream. These waves
pre-condition the temperature of the reactants, leading to an increased reaction rate. The
compression waves ahead of the flame brush also affect the flame kernels, and as a result they
convect and slightly deform, becoming less circular on their left side. It should also be noted
that, until the flame kernels interact with the incident shock, they continue to burn outwards due
to heat and mass diffusion, thus, increase in size. In the temperature fields of both Figs. 3 and 4,
the turbulent flame brush development after multiple interactions is shown more clearly.

Through the interaction with subsequent discrete flames, the leading shock strength continues
to increase and also a wrinkled, turbulent flame brush is formed from the merging of multiple
flame surfaces. A series of compression waves is emitted from the shock-flame interactions and
reflected from the upper solid wall resulting in a higher, shock-induced, temperature of the
surrounding reactants. These intense fluctuations create small variations in the temperature ahead
of the flame brush and act to increase the overall rate of energy release in the system. Multiple
shock-flame interactions eventually develop a hot spot (or localized explosion) and trigger
transition to detonation as evidenced by the appearance of a frontal cellular structure [11, 44-46]

as shown in Fig. 4.
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FIGURE 5. Temperature plots, onset of detonation for Navier-Stokes simulation with double resolution the original grid
resolution using the finest grid of AX=23.5 um
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FIGURE 6. DDT run-up distances obtained using numerical grid resolution for the default settings

3.2 Effects of numerical grid resolution

The present results show that the resulting DDT process involves a complex turbulence flame
brush formation via a series of shock-flame and boundary layer interactions. In order to verify
that any further grid refinement does not significantly affect the results, one more simulation was
performed with increased grid resolution. An additional AMR level was thus added, leading to a
grid resolution of Ax = 23.5 um at the highest level. The results can be seen in the temperature
plots of Fig. 5. Overall, the flow development is similar to the original resolution simulation. In
both cases, the onset of detonation occurs in unreacted material that is confined between

turbulent flame brushes. Nevertheless, due to the higher resolution, finer details of the turbulent
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flow can be seen, and the flame brush surface appears to be slightly more wrinkled compared to
that resulting from the simulations with the default grid resolution. The additional small wrinkles
indicate an increased flame surface, which leads to a higher burning rate, and thus a faster
acceleration of the flame brush. This explains the slightly earlier position of the explosion bubble
in this higher-resolution simulation. Therefore, as demonstrated, the default grid resolution of Ax
= 47 um is sufficient for the simulation of the phenomenon. As discussed in the subsequent
section, the characteristic parameter we are interested is the DDT run-up distance and onset time.
These are defined as the location and time at which an explosion occurs and an abrupt increase in
pressure above the detonation level is detected anywhere within the computational flow field.
This resolution test ensures convergence of the DDT run-up distance using the default resolution,
see Fig. 6. The difference incurred by increasing the grid resolution is less than 10%. One
interesting observation in Fig. 6 is that a relatively shorter DDT distance is resulted from the
simulation with further coarser grid resolution. Although finer features of the turbulence cannot
be resolved, the numerical diffusion due to the low grid resolutions does help to promote the

transition from deflagration to detonation.

3.3 Effects of dissipative transport

To demonstrate the importance of transport effects, a simulation with the effects of viscosity,
thermal conduction, and molecular diffusion removed from the governing equations is performed
to determine their impact on DDT (referred to as Euler simulation). The results of the simulation
can be seen in Fig. 7. Multiple wave reflections between the bottom boundary and the flame
brush surface lead to the conditioning of the fuel-air mixture and the onset occurs at the
reflective boundary. The full transition to a detonation wave does not occur inside the current

domain boundaries. However, based on the explosion feature that occurs at the symmetry
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boundary near the end of the domain, a detonation wave will likely form outside the domain
boundaries. Compared to the simulation with Navier-Stokes equations, the onset of detonation
occurs further downstream and at a significantly later time. These results therefore indicate that
the suppression of turbulence and burning rate strongly affects the DDT phenomenon. The fact
that the Euler simulation does not undergo transition at the same time or location as in the
Navier-Stokes case demonstrates the sensitivity of this process to the method of simulation.
Two-dimensional numerical simulations have been obtained to observe the propagation of a
weak incident shock wave into multiple cylindrical flames and its subsequent amplification via
intense wave interactions and reflections. The simulation results demonstrate that DDT is
possible via a series of shock-flame interactions. In the Navier-Stokes simulation, the onset of
detonation is observed from the development of a hot spot ahead of the flame brush. It forms
through an increase in the rate of energy release caused by the increase of flame surface area, and
greater shock temperatures from amplifying shock near the top wall through pressure wave
reflection and coalescence. In the absence of physical diffusion and viscosity where turbulence
and the burning of the turbulent flame brush are suppressed, the Euler simulation also shows that
the intense flow fluctuations generated by the interactions of shocks, boundary, and flames can

still create the conditions under which deflagration-to-detonation transition can be realized.

293 2000 4000 [K]

FIGURE 7. Temperature plots, onset of detonation for Euler simulation
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3.4 A parametric study

DDT in a smooth tube is a stochastic and sensitive phenomenon which can vary significantly
even under a small parameter change, leading to different characteristics (run-up distance and
onset time), whereas the transition might not even occur inside the domain boundaries, as was
demonstrated previously for the simulation with the Euler equations. For that reason, a series of
Navier-Stokes simulations were performed in which certain parameters were modified to
determine their impact on DDT and identify the changes that could lead to a reduction of the run-
up distance and time of detonation onset. It is worth noting that because of the stochastic nature
of the DDT process, it creates an unavoidable uncertainty in the assessment on the effects of
each varying parameter and some fluctuating behaviors of data are thus expected. The simulation

results can thus be discussed at best on their overall trends.

3.4.1. Effects of scale
The first simulation parameter under consideration was the channel height Ly. The values that
were considered were between 9.75 mm and 16.5 mm, since that was the highest value for which
DDT would occur inside the domain and was not affected by the domain resolution, as was
demonstrated in the resolution test. For this parametric study, the radius of the cylindrical flame
kernels was set to 5 mm. The choice of reducing the channel height was made in order to
enhance the effect of shock-boundary layer interaction in the transition process and was
indicated by the increased size of the induction zone near top boundary as compared to the

previous default simulation. The results of the simulations are summarized in Fig. 8.
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FIGURE 8. The effect of channel height on the DDT run-up distance (solid line) and onset time (dashed line)

As seen in Fig. 8, the channel height plays a prominent role in flame acceleration or DDT
[47]. In the present simulation study, reducing the channel height from the initial value of 16.5
mm, while keeping all other lengths constant leads to the reduction of characteristic values of
DDT, up to a minimum for the simulation with 11.25 mm channel height. For the case of L, =
11.25 mm, the run-up distance is equal to 0.17 m and the onset time of 205 us. Further reduction
of the channel height has an adverse effect of causing a noticeable increase of run-up distance,
whereas onset time varies only slightly.

Figure 9 shows the temperature plots at the onset of detonation for three simulations with
11.25 mm, 13.5 mm and 15.75 mm channel heights. For the simulation with the minimum run-up
distance, the onset of detonation occurs above the 10™ flame kernel, where a local explosion is
induced near the top solid boundary due to the various mechanisms explained previously. The
lower run-up distance observed is a result of the increased contribution of the shock-boundary
interaction in the transition process as well as the proper synchronization of the chemical energy
release with the shock wave. Reducing the channel height also promotes compression wave

reflections and the role of turbulence induced by the boundary layer becomes more significant.
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FIGURE 9. Temperature plots at the onset of detonation for 11.25 mm, 13. 5 mm and 15.75 mm domain height

The second parameter under consideration was the amplitude of the flame kernels (i.e., the
initial radius of the cylindrical flames). Practically, this parameter can be controlled by different
spark ignition times in real experiment. For this series of simulations, the domain height was
equal to Ly = 15 mm, five levels of AMR were used with the same resolution at the top level as
previously. The amplitude values considered were between 4.4 mm and 6.6 mm. The results
from these simulations are given in Fig. 10 and Fig. 11.

Increasing flame amplitude has generally a positive impact on DDT. Larger flame amplitude
implies larger flame surface; the R-M instabilities from the shock-flame interaction will also
become severe as the flame amplitude increases. As the amplitude is increased, the values of
DDT distance and time start to gradually decrease, a minimum run-up distance is achieved with
the flame amplitude has changed to 6.2 mm. The trend is similarly to the channel height
variation, suggesting that a key parameter facilitating DDT is the ratio between the channel
height and the ignited kernel size. Nevertheless, if the initial flame kernel size is approaching
further to the channel height, not enough unburned reactant and energy release may exist to

couple and amplify any shock or turbulence promoting the onset of DDT.
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FIGURE 11. Temperature plots at the onset of detonation for 4.4 mm, 5.2 mm and 5.8 mm flame amplitude

In the next series of simulations the distance between flame kernels was varied for a domain
channel height equal to Ly = 15 mm, five AMR levels and the same resolution AX = 47 pm again
at the highest level. Results showing the effect of distance between flame kernels are given in
Fig. 12 and Fig. 13. Similar to the flame amplitude, practical flame kernel spacing is achieved by
using different spark distance and properly controlling the spark timing to generate each flame
kernel. Qualitatively, it controls the coherence between the gas dynamics and energy release.
When the flame kernels are separated too far away, the potential gain from each shock-flame
kernel collision causing an increased rate of energy release and turbulence may not be coupled to

generate the proper condition for DDT. If the distance is too close, similar to the effect of
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reducing significantly the channel height or increasing the flame kernel amplitude, not enough
unburned reactant is present to cohere the energy release with the flow, (i.e., approaching to a
normal shock interacting with a long flat flame kernel). Hence the chemical energy release is
insufficient to coherently amplify the strength of the shock front (as it runs away from the flame

brush shown in Fig. 13) or generate a high speed turbulent flame brush.
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FIGURE 12. The effect of distance between flame kernels on the DDT run-up distance (solid line) and onset time (dashed line).
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FIGURE 13. Temperature plots at the onset of detonation for 17 mm, 19 mm and 20.5 mm flame kernel distance

As previously mentioned, the flame surface has been modeled as a contact discontinuity
between the unburned cold reactants and hot combustion products. Having a discontinuity
instead of a diffusive interface could potentially affect the DDT phenomenon. For that reason, a
complementary series of simulations were also performed by placing the incident shock wave

further upstream, while maintaining all other parameters, in order to allow the flame kernel
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surface to diffuse in the additional time until the first shock-flame interaction occurs. The shock
placements considered were at 1 mm and 3 mm distance from the left boundary and the results
were compared to the original 6 mm placement.

As shown in Fig. 14, the initial shock wave location has no significant effect on the DDT
run-up distance which remains essentially constant. A small onset time difference can be
attributed to the additional required time until the shock begins interacting with the first flame
kernel. Therefore, modeling the flame surface as a contact discontinuity compared to a diffusive

flame surface does not affect the phenomenon.
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FIGURE 14. Run-up distance dependence on the initial incident shock wave position

3.4.2. Effects of incident shock parameters
Up till now the parametric study focuses primarily on the effect of different length scales on the
DDT via multiple shock-flame interactions. The last sets of simulations considered the strength
of the incident shock and the number of initial laminar flame kernels. First, the incident shock
strength was reduced to a value of M, = 1.6, while maintaining all other length scale parameters
fixed, i.e., flame spacing | = 18 mm, flame amplitude r = 5 mm and channel height of L, = 16.5

mm. The simulations also showed that a weaker incident shock can still induce DDT, see Fig. 15.
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In addition, the flow field inside the flame brush formed from the shock interaction and
coalescence of individual flames is relatively less turbulent. The onset of detonation is again seen
from a localized explosion created in the flow by various wave interactions ahead of the flame.
For the smaller M,, the hot spot is formed closer to the top wall instead. The onset of detonation
occurs at a much later time t ~ 306 s but yet the run-up distance for the detonation onset is close
to the condition with M, = 1.80. However, the dependence of DDT run-up distance is not totally
clear and requires a further examination as follows shortly. From the present results, it is found
that the DDT occurs at random locations, where an appropriate condition is produced through a

series of shock-flame interactions for the coupling between the heat release and gas dynamics.
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FIGURE 15. a) Temperature contours and b) Schlieren plots at later stage of the evolution for M, = 1.60 showing the detonation
initiation from a localized explosion near the top solid wall
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The effects of incident shock Mach number on DDT run-up distance are again investigated
through a parametric study of varying the channel height, flame spacing and the flame amplitude
for incident shock strength M, = 1.6, and the results were compared to the ones for the original
M, = 1.8 shock strength. These results are summarized in Figs. 16.

Referring to these figures, the simulations with M, = 1.6 demonstrate similar dependence on

the flame kernel spacing, however at lower shock Mach number they appear to be more
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sensitive, with larger stochastic variations of characteristics and overall longer DDT run-up
distance. For the dependence on flame spacing and amplitude, the difference between these
results can be attributed mainly to the increase in temperature of the shocked reactant (and hence,
energy release rate) with increasing the M,. Reducing M, causes a reduction in the energy release
rate with lower post-shock temperature and hence, a closer flame spacing is needed for
synchronizing the chemical energy release with the gas dynamics. It also requires a larger
volume of unburned mixture to release sufficient energy to facilitate the shock amplification and
flame acceleration, which explains the trend of longer DDT run-distance at smaller domain
height and larger flame amplitude as compared to the results of M, = 1.80. Additionally,
reducing the M, weakens the interaction of the leading shock with the boundary layer,

contributing the overall global effect of increasing the distance required for DDT.

3.4.3. Effects of flame kernels number
Finally, the simulations with domain height, flame amplitude and spacing variations were
performed to look at the effect of a reduced flame kernel number. Results obtained for 10 and 12
flame kernels with M, = 1.80 are given in Fig. 17. As can be seen in the figure, almost all 12
kernel simulations demonstrate equal or slightly lower run-up distance and time compared to the
10 kernels simulations. For lower flame kernel numbers, DDT sometimes may not even occur
within the initial flame kernel array, as illustrated in Fig. 18 for the case with 16.5 mm channel
height. It appears that increasing the number of ignited flame kernels may facilitate and ensure

DDT will occur within the controlled flame array region.
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FIGURE 18. Temperature plots at onset of detonation for 12 flame kernels (top) and 10 flame kernels (bottom)

In order to assess the influence of various physical parameters on the transition event and to
explore any scaling relationship among them, the above parametric study performs a range of

simulations considering the effects of domain size, ignited flame arrangements and initial
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conditions. Practically in real experiments, these parameters can be varied physically by
controlling the ignition time and distance between each spark. The present study demonstrates
that these aforementioned parameters can significantly control DDT and it is possible to optimize
these parameters to achieve DDT at a short run-up distance to obtain a self-propagating
detonation. Nevertheless, due to the stochastic nature of the reactive system, the exact
quantitative relationship between the DDT characteristics with these physical parameters cannot

be fully established and further quantitative investigation is desirable.

4. CONCLUSION

In this investigation, two-dimensional numerical simulations were performed for a planar
shock wave interacting with multiple flame kernels. The results of the simulations demonstrate
that these interactions amplify the leading shock wave and accelerate the flame brush, resulting
in a deflagration-to-detonation transition (DDT). As seen in the simulations, a DDT is divided
into four phases: The generation of R-M instability increasing turbulence and energy release rate,
the acceleration of the flame brush, the formation of an explosion bubble, and the final formation
of detonation wave. For the Navier-Stokes simulations, the acceleration of the flame brush is
promoted by the intense turbulence generated through shock-flame and shock-boundary
interactions. The explosion center develops ahead of the flame brush in the unreacted shocked
material as a result of pressure wave reflections and coalescence and higher post-shock
temperatures near the top boundary. In the Euler simulations, although the flame acceleration
and the formation of hot spot are affected by the suppression of turbulence and burning rate,
DDT can still be achieved by the flow fluctuations generated through shock-flame interactions
and wave reflections from boundary. The explosion center for these simulations occurs later and

further downstream compared to the Navier-Stokes simulations.
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Finally, through a series of numerical simulations it was demonstrated that DDT is
significantly affected when certain key parameters are modified. The parameters considered were
the domain height, flame amplitude, flame spacing, number of flame kernels and incident shock
speed. Modifying these parameters affects the acceleration process and the formation of hot
spots, potentially resulting in a reduced run-up distance and time of detonation onset for certain
parameter values. The simulations with reduced incident shock strength also show that a strong
incident shock is not always favored for DDT, but a proper synchronization of the chemical
energy release rate with the gas dynamics is more important by appropriately tuning flame
configuration and boundary size.

While using the one-step ideal reaction model, the coupling between the heat release and
flow dynamics from the shock- laminar flame kernels interaction leading to the onset of DDT
can be elucidated. However, the more quantitative effect of chemistry such as the importance of
reactive radicals generation cannot be revealed. In future efforts, computational study using
detailed chemistry are thus needed for more quantitative simulations, i.e., to further pinpoint the
critical conditions and compare with experimental data. High-order numerical schemes will also
be beneficial to better capture the mixing and dynamics within the resulting turbulence flows

from the shock-multiple flame kernels interaction.
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