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1 Introduction

Obstacle-laden channels are often used to study flame acceleration and deflagration-to-detonation
transition (DDT) in a controlled manner [1-8]. Common applications are for evaluating the likelihood of a
detonation for ensuring safety and development of detonation-based engines. The basic mechanisms
underlying flame and flow acceleration in channels with orifice plates or fence-type obstacles aligned with
channel walls involve thermal expansion of hot combustion products, flame-vortex and acoustic-shock-
flame interactions, and Rayleigh-Taylor (RT), Richtmyer-Meshkov (RM) and Kelvin-Helmholtz (KH)
instabilities. These phenomena lead to a turbulent flame, which further accelerates the flow. The
accelerating flow generates strong shocks and create conditions at which flames accelerate quickly and
DDT can occur. Detonations can be triggered in the vicinity of turbulent flames through Zeldovich’s
reactivity-gradient mechanism once hot spots are created by Mach-stem reflections from obstacles [1, 4,
6]. Another mechanism is shock focusing, which occurs when enough energy is deposited in a small
location to initiate a detonation directly [9-11].

The configuration or layout of obstacles has a significant effect on the flame acceleration and DDT [12-
16]. Practical applications may involve an array of obstacles, such as cooling pipes in power plants, pipes
in chemical processing plant, and vessels in storage facilities. Ogawa et al. studied flame acceleration and
DDT in an unconfined, obstructed containing an array of square [14] or cylindrical [13, 17] obstacles. It
was found that in the initial stages, the flame accelerates faster in the directions without flow obstruction.
As shock waves build up, however, shock-flame interactions become extremely important in the flow, the
flame accelerates faster, and DDT occurs in more obstructed directions through the hot-spot mechanism.
The reaction waves propagate as quasi-detonations at the final stage. For the cylindrical array, DDT could
not occur when the obstacles are aligned parallel to the direction of flame propagation. Pinos and
Ciccarelli [12] conducted experiments of combustion wave propagation in a channel with a bank of
cylinders, and found that initial flame acceleration is greatly influenced by the blockage ratio rather than
the obstacle layout. They discussed detonation ignition and development of quasi-detonation propagation,
mode. Unfortunately, however, the initial DDT event was not captured in the experimental photographs.
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In this work, we solve the unsteady fully compressible computational fluid dynamics equations with
adaptive mesh refinement (AMR) to study flame acceleration and DDT in a channel with an array of
cylindrical obstacles. These results are then described and comparisons are made to previous experiments
[12]. In addition, the effect of the shape of obstacles is examined.

2 Physical and Numerical Models

The numerical simulations solve the two-dimensional (2D) fully compressible Navier-Stokes equations
with a model of chemically reacting stoichiometric hydrogen-air mixture. Details of the governing
equations are in [18, 19]. The combustion of premixed stoichiometric hydrogen and air at 1 atm and 293 K
is modeled by a single-step chemical-diffusive model [6]. The reaction rate is defined as w =
ApYexp(E,/RT), where A, p, Y, R and E, are the pre-exponential factor, density, unburned mass fraction,
universal gas constant, and activation energy, respectively.

The equations are solved on a dynamically adapting grid [20] using a Godunov algorithm, third-order
accurate in space and second-order in time [18]. Figure 1 shows the 2D computational configuration,
which describes a 76.4 mm high channel with an array of cylinders. To allow a comparison with
experiments, the geometry of the obstructed channel is set to be the same as the inline channel geometry
with a blockage ratio of 0.5 in [12]. The obstacles are evenly spaced in both horizontal and vertical
directions and are modeled using an immersed boundary method [21]. The obstacle diameter is 12.7 mm.
The minimum grid size is 37.3 um, corresponding to 10 computational cells in the flame under initial
conditions. The numerical resolution test showed that the cell size is adequate. The flame was ignited
using a semi-circular pocket of hot, burned gas with a radius of 1 mm at the left end on the channel axis.
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Figure 1. Computational domain of an array of obstacles. No-slip, reflecting and adiabatic boundaries are used for
the walls and obstacle surfaces. The radius of the initial flame is 1 mm.

3 Numerical results

Figure 2 compares time sequences of the accelerating flame and flow in the simulation and the experiment
[12]. Overall, the flame and flow development agrees well with the experiments. The early flame
acceleration results from the rapid expansion of the flame into the background flow and stretching in the
wakes of cylinders, as shown in the previous simulations [13, 17] and experiments [12]. After ignition, the
flame rounds the obstacles and is elongated in the unobstructed directions, as shown at 1.52 ms. As shock
waves are generated by the accelerating flame, more flame instabilities are produced due to flame-shock
interactions, such as RM and KH instabilities, as shown at 1.97 ms. This results in a large increase in the
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flame surface area and faster flame acceleration. As the flame continues to propagate, it becomes turbulent
and produces a strong leading shock, which moves out ahead of the flame, as shown at 2.05 ms.

T(K)300 600 1500 3000 (a) (b)

Figure 2. Accelerating flames in a channel with an array of cylinders. (a) Temperature fields in the
simulation. (b) Schlieren images in the experiments by Pinos and Ciccarelli [12]. Obstacles are numbered.
Time in milliseconds is given in the right-bottom corner in each frame.
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Figure 3. A sequence of temperature maps showing DDT. Times in milliseconds are given at the frame
bottom-right corners. I: incident shock; R: reflected shock; D1: first detonation; D2: second detonation.

The flame propagates faster after ignition in the calculation. The possible reason is that three-dimensional
expansion and stretch of the initial flame lead to a weaker flame acceleration in the experiment.

Figure 3 shows the computed DDT process from a sequence of temperature fields. As the flame front
passes obstacle Row 12, the leading shock reaches Row 13 which is marked as an incident shock I, as
shown at 2.035 ms. The incident shock is radially reflected as it passes over the obstacles. In particular, a
reflected shock (marked as R) travels toward the upper boundary, as shown at 2.046 ms. This shock
appears to be a reflected Mach-stem, but it does not create hot-spot. The incident shock I and the reflected
shock form a triple point. When the triple point collides with the upper wall right at the upper flame tip in
the shocked region, a detonation (D1) is initiated, as shown at 2.057 and 2.059 ms. The detonation wave
soon travels quickly through the unburned mixture. Before this detonation front arrives at the obstacles
next to the bottom wall, a second detonation is triggered through the same process as the lower flame tip
passes the Row 14, as shown at 2.089 ms. Then the two detonations join together and propagate into the
unburned region. The detonation decouples into a flame and shock wave frequently as the detonation front
diffracts over the obstacles, as shown in at 2.246 ms.

Here the initiation of detonation involves a collision of shocks in the shocked boundary layers at the flame
tips, which appears to be related to mechanism of shocking focusing reported in [10, 11]. Previous work
[Refs], using the same inline geometry but with symmetry or periodic upper and lower boundary
conditions, could not produce detonation. This, together with the present observation, indicates the
importance of boundary layer to the DDT.
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Figure 4. shows the computed and measured [12] reaction front speed as a function of the position of the
leading reaction-front edge. In the acceleration stage, the flame front speed oscillates approximately as the
flame passes over every row of obstacles. While the computed flame-front speed is in very good
agreement with experimental result, the accelerating flame in the experiments appears to propagate over a
few more rows of obstacles before a detonation was ignited. The detonation failure and re-ignition
phenomena observed in the experiments are also reproduced in the numerical simulations.
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Figure 4. Numerical and experimental [12] reaction-front propagation speed as a function of the location
of the leading edge of the reaction front.

The computation described here is only one of a series that we have performed to explore flame
acceleration and DDT through an array of obstacles. A more extensive group of computations, which
focus on obstacle shapes and blockage ratio, will be discussed in the presentation.
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