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A comprehensive understanding of the fundamental physics underlying combus-
tion and detonations in turbulent and high-speed flows is crucial to the design of
robust ramjet, scramjet, and detonation engines. This work uses high-fidelity, mul-
tidimensional numerical simulations to investigate flame stability and deflagration-
to-detonation transition (DDT) mechanisms in supersonic reactive flows. The study
consists of four major sections.

The first section discusses the acceleration of a flame in a channel with obstacles
and its transition from a laminar, expanding flame to a turbulent deflagration and
eventual detonation. As the flame accelerates, a highly dynamic, shock-heated region
forms ahead of the flame. Shock collisions and reflections focus energy in localized
volumes of unburned gas at timescales that are small relative to the acoustic timescale
of the unburned gas. The rapid deposition of energy causes the unburned gas to
detonate through an energy-focusing mechanism that has elements of both direct
initiation and detonation in a gradient of reactivity.

The second section describes how the blockage of a channel with regularly spaced

obstacles, analogous to the igniter in a detonation engine, affects flame acceleration



and turbulence in the region ahead of the accelerating flame. The rate of flame
acceleration, time and distance to DDT, and detonation mechanism are compared for
channels with high, medium, and low blockage ratios. Stochasticity and uncertainty
in the numerical solutions are discussed.

In the third section, the stability of premixed flames at high supersonic speeds
in a constant-area combustor is investigated. After autoignition of the fuel-oxidizer
mixture in the boundary layer at the combustor walls, the flame front eventually
becomes unstable due to a Rayleigh-Taylor (RT) instability at the interface between
burned and unburned gas. The turbulent flame front transitions to a detonation
through the energy-focusing mechanism when a shock passes through the flame and
amplifies its energy release.

The final section discusses the effect of inflow Mach number in the supersonic
combustor on ignition, flame stability, and transition to detonation of a premixed
flame. Timescales for growth of the RT instability and detonation initiation increase
rapidly with flow speed, but, qualitatively, flame evolution is independent of Mach

number.
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1 Introduction & Background

1.1 Reactive Flow

The overarching goal of combustion research is to understand the behavior of reac-
tive flows under a wide variety of environmental conditions so that the processes may
be controlled and the energy released by combustion may be efficiently harnessed
for propulsion, power generation, heating, and other applications. On a more fun-
damental level, reactive flow has been a major research interest for decades due to
the complexity of the interactions between fluid dynamics, chemistry, and diffusive
transport.

There are several regimes of reactive flow that are considered in this work: laminar
flames, deflagrations, and detonations. One characteristic difference between these
three regimes is the speed at which the reaction front propagates. Laminar flames
travel subsonically, consuming reactant at a speed much lower than the local speed of
sound. The laminar flame speed is primarily dependent on the chemical reaction rates
for the fuel-oxidizer mixture. Combustion in a laminar flame is typically a constant-
pressure process. Deflagrations are flame fronts that propagate considerably faster
than laminar flames and can reach speeds nearing the local sonic velocity. Deflagration
fronts are often accelerated by turbulence at the reaction front stretching the flame
surface and increasing the rate of energy released by combustion. This increase in
energy release rate, in turn, drives the acceleration of the deflagration. A detonation
may be thought of as a flame coupled to a shock wave; it is a reaction front that
travels supersonically, where the propagation of the shock is sustained by the energy
released by combustion and the combustion is initiated by the shock compression.

Deflagrations and detonations are used as propulsion mechanisms for aircraft. In
the case of a supersonic combustion ramjet (scramjet), the energy released by com-

bustion of fuel in a supersonic air flow is used to produce thrust. Stable combustion



and efficient thrust generation requires the ability to predict the behavior of flames
in high-speed flows. The high flow speed results in small timescales for mixing of
fuel in the air, ignition of the mixture, and complete combustion. Additionally, the
flow through an airbreathing engine is often turbulent, particularly in the mixing and
combustion regions. These phenomena lead to one of the predominant challenges in
design of a robust supersonic airbreathing engine: maintaining flame stability across
a wide range of inflow conditions [1, 2]. Considerable research emphasis has been
placed on understanding flame stability and the flame-turbulence interaction in both
subsonic and supersonic regimes. This research is performed experimentally, as well
as numerically, by modeling a wide range of physical systems and length scales.
Experiments and simulations at full-size engine scale allow researchers to investi-
gate macroscopic features of the system that play a major role in engine performance,
such as fuel-air mixing efficiency and combustion completeness in a scramjet combus-
tor. Simulation of turbulent combustion in a full-size engine is particularly challenging
due to the need to model the effect of turbulence accurately at scales many orders of
magnitude smaller than the length scale of the engine. Resolving all of these scales in
the computational grid by direct numerical simulation (DNS) is currently an unten-
able problem, due to the limitations of computational speed and power. Large eddy
simulation (LES) calculations have recently been used to model the flow through
a full-size scramjet combustor [3] with reasonable agreement to experimental data.
LES calculations resolve turbulence at large scales and model the effect of turbulence
below the sub-grid scale using filters calibrated from available DNS or experimental
data. Larsson et al. used this method to simulate the flow through the HyShot II
scramjet combustor [4]. The calculated pressure rise through the engine agreed with
the HyShot II flight data and the changes in flow structure with different fuel equiv-
alence ratios agreed with experimental observations. Performing simulations such

as these for which there is flight and experimental data available for comparison is



necessary for assessing the accuracy of turbulence and chemical models such that the

simulations may be relied upon for design of flight vehicles.

1.2 Flame Stability

In addition to performing full-size engine simulations, flame stability and flame-
turbulence interactions are also studied at a fundamental level using canonical ge-
ometries and flow conditions that allow researchers to focus on particular physics
of interest. Efforts to understand the effect of subsonic and supersonic turbulence
on burning rate, energy release, and flame structure are ongoing. Poludnenko et al.
studied the dynamics of premixed flames when perturbed by homogeneous, isotropic
turbulence [5], finding that the effect of turbulence at scales smaller than the laminar
flame thickness was limited to wrinkling of the flame surface. The evolution of the
turbulent flame was completely determined by large-scale fluid motions greater than
the laminar flame speed. The authors also determined that turbulence resulted in
unstable burning, which created pressure gradients near the flame and the formation
of shocks [6]. The interaction of the pressure gradients and shocks with the flames
amplified the turbulence within the flames, in some cases resulting in initiation of
detonations.

Pressure waves were found to have a profound effect on flame evolution in simula-
tions performed by Xiao et al. [7]. Interaction of the pressure waves with curved flame
fronts was found to destabilize the flame due to a Rayleigh-Taylor (RT) instability at
the flame surface, resulting in wrinkling and perturbations to the flame shape. The
RT instability forms at an interface between two fluids of different densities when
the light fluid pushes the heavy fluid and the fluids are accelerated in a direction
transverse to their interface [8]. In supersonic flow, the interaction of shocks with
flames causes the flames to accelerate and become more turbulent primarily through

a Richtmeyer-Meshkov (RM) instability, which occurs when a shock passes through a



fluid interface and accelerates fluids of different densities relative to one another. This
interaction generates high levels of vorticity in the turbulent flame brush and can lead
to initiation of a detonation [9]. Understanding detonation initiation mechanisms is

an active area of analytical, computational, and experimental research.

1.3 Deflagration-to-Detonation Transition

Detonations occur in many physical systems, from micro-thruster engines with length
scales of microns to supernovae spanning thousands of kilometers. In some cases
detonation initiation must be predicted and prevented, such as in a diesel engine,
or stabilized and controlled to produce thrust, as in pulse and rotating detonation
engines. Detonations may be initiated by direct initiation or through deflagration-
to-detonation transition (DDT). Sufficiently large external energy addition into a
fuel-oxidizer mixture at a timescale that is small relative to the acoustic timescale of
the explosive mixture can result in a direct initiation of a detonation without first
creating a measurable deflagration [10]. Detonations may also arise through the slower
process of DDT. In DDT, the fuel-oxidizer mixture is ignited with a flame or a weak
spark with much less energy deposition than in the case of a direct initiation. The
initially laminar flame accelerates and eventually becomes turbulent. Detonations
may initiate on the turbulent flame front or in the unburned gas near the flame.

In nature, DDT can occur with disastrous consequences. In 2011, a tsunami dis-
abled the cooling pumps for the nuclear reactors at the Fukushima Daiichi Nuclear
Power Plant. Three reactors experienced meltdowns once the coolant stopped circu-
lating, allowing hydrogen gas to leak from the reactors and accumulate in the facility.
The hydrogen mixed with the air, forming a cloud of detonable gas. Contact with
a spark or a hot equipment surface ignited the gas and the deflagration transitioned
to a detonation that caused significant damage to the plant and release of radiation

into the surrounding areas at a level unprecedented since the Chernobyl disaster [11].



Conversely, DDT is desirable and necessary for the generation of thrust in detonation
engines; DDT occurs at frequencies on the order of 100 Hz in pulse detonation engines

12, 13).

1.4 Numerical Simulation of DDT

Zeldovich et al. were the first researchers to simulate DDT [14] by computing the one-
dimensional propagation of a chemical reaction in a detonable mixture with an initial
gradient in temperature. They found that the reaction front would transition to a
detonation wave only for a certain range of temperature gradients; if the gradient was
too large or small, the shock and flame would decouple or in, some cases, a shock would
not form at all. Detonation initiation through this ignition-gradient DDT mechanism
was later observed in experiments conducted by Lee et al. [15]. Detonable mixtures
were ignited photochemically and it was discovered that detonation initiation required
a minimum concentration of free radicals as well as a concentration gradient such
that the chemical reaction propagated in phase with the initial shock wave. In the
cases where these conditions were met, the energy released by the chemical reactions
amplified the shock and a detonation formed.

Numerically simulating DDT from first principles presented a computational chal-
lenge due to the vast range of relevant length scales involved, spanning many orders
of magnitude from the flame thickness to the size of the physical system. This chal-
lenge prompted the development of numerical algorithms for solving coupled ordinary
and partial differential equations [16] and methods of adaptively refining the compu-
tational grid to provide increased resolution based on local gradients in pressure,
temperature, or reactant concentration. As these capabilities developed, DDT was
studied in two and three-dimensional simulations in systems of larger scales and in-
creasing complexity requiring greater computational resources. Oran and Gamezo

summarized much of this theoretical and numerical work in [17], where they analyzed



a series of simulations to gain insight into how, when, and where DDT occurs. The
authors discovered that shock-flame interactions drive turbulence in the flame, which
creates the conditions for DDT to occur through the ignition-gradient mechanism
in the unburned gas near the turbulent flame front. Interaction of the flame with
boundary layers, walls, and obstacles also led to amplified turbulence in the flame
and increased likelihood of DDT occurring.

Gamezo et al. continued investigating DDT mechanisms, using obstacle-laden
channels filled with a stoichiometric hydrogen-air mixture as a canonical system [18].
Obstacles in a confined geometry generate shocks and induce turbulence in the flame
to decrease the time and length scales required for DDT to occur following the ig-
nition of an initially laminar flame. With obstacles regularly spaced and half the
height of the channel (blockage ratio of 0.5), DDT would always occur through the
ignition-gradient mechanism in the unburned gas. Mach stems, formed by diffraction
of shocks over obstacles, reflected from the obstacles and hot spots ignited in the

unburned gas behind the Mach stem reflection, which transitioned to detonations.

1.5 Current Approach

Prior research has laid a strong foundation for our understanding of flame instability,
flame-turbulence interaction, and DDT in compressible reactive flows, but there are

still many open questions. This work focuses on the following:

e Can detonation occur in the unburned gas through a mechanism other than the

ignition-gradient mechanism previously observed?

e Does detonation initiation always occur in the unburned gas, or can shock-flame

interactions cause the flame front to transition to a detonation?

e How does varying the blockage ratio in the canonical obstacle-laden channel

affect flame evolution, development of turbulence, and detonation initiation?



Will the mixture detonate for very low blockage ratios?

e Will the fuel-oxidizer mixture autoignite when flowing through a channel with-
out obstacles at supersonic velocities? If so, does the flame remain stable or does

it become turbulent? Will detonations occur and, if so, by what mechanism?

e What is the effect of Mach number on ignition, flame stability, and detonation

initiation of the mixture flowing at supersonic speeds?

e How do fluid instabilities contribute to turbulence in the flame and detonation

initiation?

These questions are explored using multidimensional numerical simulations solv-
ing the compressible Navier-Stokes equations for a chemically reacting gas as detailed
in Sec. 3.3. The equations are solved using a fifth-order accurate weighted essentially
non-oscillatory (WENO) algorithm, described in [19], which was selected due to its
robustness and low dissipation; these qualities are essential for accurate simulation of
compressible, turbulent flows. The WENO method is a type of monotone-integrated
large eddy simulation (MILES) algorithm. Originally used in the 1970s for solv-
ing problems with shocks and blast waves, MILES algorithms have been adopted
for computing a variety of reacting and non-reacting high-Reynolds-number flows in
aerodynamics, combustion, propulsion, atmospheric sciences, and astrophysics.

Simulations using a MILES method resolve the macroscopic scales of a problem
and do not require an explicit filter for the sub-grid scale. Turbulent dissipation at
the sub-grid scale is instead modeled by the numerical dissipation inherent to the
algorithm. This method has been found to provide physically reasonable behavior
near the grid-scale cut-off as long as there is sufficient spatial resolution to capture
the large-scale turbulence [20]. In other words, MILES may be used to compute

turbulent flows and the inherent properties of the algorithm, particularly conservation,



monotonicity, and causality, are relied upon to provide the correct behavior at the
grid-scale cut-off.

This method was first postulated in literature by Boris [21] and there have been
a number of studies published since that show qualitative and quantitative agree-
ment between MILES calculations and experiments [22-25], LES calculations using
a variety of explicit sub-grid scale models [22, 26, 27], and DNS calculations [27].
The MILES method is well suited to the problems considered in this work due to
its computational efficiency and accuracy in simulating turbulent, reactive flow. It is
important to note that the accuracy of MILES calculations is predicated upon resolv-
ing enough of the large scales to capture the bulk of the turbulent kinetic energy of
the flow. Grid resolution and solution sensitivity studies were performed to analyze
the robustness of the solution and grid-independence of the physics of interest; these
studies are detailed in Secs. 3.5.3, 3.8, 4.5, and 5.5.3.

At the time when this work was written, Chapters 2 and 3 were published in [28]
and [29], respectively. Chapter 4 was accepted for presentation at the 2018 AIAA
Propulsion and Energy Forum and Exposition. Chapter 5 was under preparation for
submission to the Journal of Combustion and Flame. The manuscripts are compiled
here as they were originally published or submitted, with supplementary material
appended as necessary, as they are all part of ongoing work to answer the questions

posed above.



2 Shock Transition to Detonation in Channels with

Obstacles

Gabriel B. Goodwin, Ryan W. Houim, Elaine S. Oran

Thanks to Professors Ryan Houim and Elaine Oran for providing the Flame Ac-
celeration Simulation Tool (FAST), which was used to perform the simulations de-
scribed in this work, and for their assistance in formulating the problem and inter-
preting the results. This paper seeks to answer the following question: Can det-
onation occur in the unburned gas through a mechanism other than the ignition-
gradient mechanism previously observed? Two simulations are discussed, one in
which the detonation initiates through an ignition-gradient mechanism, as seen in
previous studies, and another in which the unburned gas detonates through an energy-
focusing mechanism that has elements of a direct initiation. This paper was origi-
nally published [28] in the Proceedings of the Combustion Institute and presented at
the 36th International Symposium on Combustion. The manuscript is available at:

https://doi.org/10.1016/j.proci.2016.06.160

Abstract

Multidimensional numerical simulations of an unconfined, homogeneous, chemically
reactive gas were used to study interactions leading to deflagration-to-detonation
transition (DDT). The configuration studied was a long rectangular channel with
regularly spaced obstacles containing a stoichiometric mixture of ethylene and oxy-
gen, initially at atmospheric conditions and ignited in a corner with a small flame.
The compressible reactive Navier-Stokes equations were solved by a high-order nu-
merical algorithm on a locally adapting mesh. The initial laminar flame develops
into a turbulent flame with the creation of shocks, shock-flame interactions, shock-

boundary layer interactions, and a host of fluid and chemical-fluid instabilities. The



final result may be eventual deflagration-to-detonation transition (DDT). Here two
types of simulations are described, one with DDT occurring in a gradient of reactivity,
which is common in the channels with higher obstacles, and another in which DDT
arises from energy focusing as shocks converge. For the latter case, the rate of energy
deposition necessary to initiate a detonation in the unburned gas is analyzed using a
control volume analysis.

Keywords: DDT; Turbulent flame; Shock interactions; Direct initiation; Numerical

simulations

2.1 Introduction

Deflagration-to-detonation transition (DDT) is a complex process involving turbu-
lence, shock-flame interactions, shock collisions and reflections, and interactions of
shocks with boundary layers. It is an important topic because DDT must be pre-
vented in many cases [30, 31| and optimized for specific applications [32-34]. DDT
may be initiated by a number of different mechanisms that have been seen in both
experiments and computations [17, 18, 35-42]. Not all of these mechanisms, or the
interplay among them, are fully understood.

Direct initiation of a detonation in a gas has been studied theoretically and ex-
perimentally [35-37]. Sufficiently large external energy addition at a timescale that
is small relative to the acoustic timescale of the gas can result in a direct initiation
of a detonation without first creating a deflagration [10]. Recently, the response of
the gas to a localized, transient energy deposition has been studied by asymptotic
analysis in an effort to quantify the gas response (deflagration or detonation) [43].
Initiation of a detonation through a gradient of chemical reactivity [14, 15] has been
investigated extensively using numerical simulations, as summarized in [17]. DDT
in channels with obstacles has been computed for a variety of fuel-oxidizer mixtures

[18, 39, 40] and has been the subject of experimentation [44].
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The effect of obstacles, often characterized by a blockage ratio (br, or the obstacle
height divided by the channel height), on flame acceleration and DDT has been
investigated experimentally [41, 42] and numerically [45]. Gamezo et al. [45] noted
the competing effects of high blockage ratios: larger obstacles promote non-uniform
flow, which leads to fast flame acceleration and they also weaken shocks diffracting
over large obstacles. These authors also observed that the location in the channel
where DDT occurs does not vary significantly for br = 0.31 — 0.56 range, but it
increases sharply outside of this interval for both higher and lower br.

As a background to this paper, a series of simulations was performed with br =
0.05 — 0.8 in order to identify how the mechanism of DDT changes as blockage ratio
decreases. The detailed results of these simulations, and some unusual trends noted,
will be presented in a subsequent paper. In several of these simulations, however,
shocks and fluid instabilities evolved that caused flame acceleration and transition to
detonation due to energy focusing as opposed to the more predictable detonations
that occur in Mach reflections against obstacles in systems with high br. Maeda et
al. [46] saw similar phenomena in their experiments in channels with br = 0.083 and
0.25. The purpose of this paper is to extract results for low br and compare the

mechanism of DDT with those seen for the relatively high br = 0.5.

2.2 Numerical and Physical Model

The numerical model solves the full set of Navier-Stokes equations in unsteady, fully
compressible, chemically reacting gas, as described in [17]. The reaction of a stoi-
chiometric mixture of ethylene and oxygen, with specific ethylene-oxygen parameters
courtesy of Alp Ozgen, is modeled using a simplified, calibrated chemical-diffusive
model of the form,

ay

o = w = —ApY exp(—FE,/RT) (1)
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where p, T', Y, and w are the mass density, temperature, mass fraction of reactant, and
reaction rate, respectively. A is the pre-exponential factor, and FE, is the activation
energy. Thermal conductivity, k, viscosity, v, and mass diffusivity, D, were modeled
using values of 1.0 x 107° g/s-em-K%7, 7.0 x 107% g/s-em-K%7, and 1.0 x 107°
g/s-cm-K°7 ) respectively. A Godunov algorithm, fifth-order accurate in space and
third-order accurate in time [19], is used to solve the equations on a dynamically
adapting grid [47]. The simulations described below used grids with minimum size
AT, = 3.3 pm and coarsest size ranging from dx., = 26.7 to 53.3 pm. The largest
grid had 60 cells across the channel height and the smallest had 960 cells. This choice
of grids was tested and shown to resolve the flames, shocks, boundary layers, and
other important flow and chemical structures.

The input parameters in Table 1 were chosen to reproduce the flame and detona-
tion properties of the ethylene-oxygen mixture initially at 298 K and 1 atm. Using
the input parameters in one-dimensional (1D) and two-dimensional (2D) solutions
of the Navier-Stokes equations produces the output flame and detonation properties
listed. To estimate the detonation cell height, A, for this model, a 2D detonation was
computed and an average was taken of cell sizes after an initially overdriven detona-
tion had decayed to the Chapman-Jouguet velocity. The value A = 0.2 mm agrees
surprisingly well with reported experimental results, which range from 0.1 mm to 2
mm [48].

The geometrical setup is shown in Fig. 1. Obstacles are uniformly spaced along
the wall. The obstacle width and height are constant through the channel. The br for
the simulations discussed here are 0.5 and 0.1. The channel is open at the right, with
symmetry planes at the left and top boundaries. The bottom wall and all obstacle
surfaces are no-slip adiabatic boundaries. To ignite the mixture, a circular region
of hot, burned product at 3500 K and 1 atm is placed at the left wall. A channel

height of 0.32 cm was chosen for several reasons. Experimental data for DDT in small
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Table 1. Input model parameters and output combustion wave properties for stoi-
chiometric ethylene and oxygen initially at 1 atm and 298 K.

Input
P, 1 atm Initial Pressure
Ty 298 K Initial Temperature
Po 1.27 x 1073 g/cm? Initial Density
0 1.2195 Adiabatic Index
M 31 g/mol Molecular Weight
A 1.05 x 10'? cm?®/(g s) Pre-Exponential Factor
E, 39.2RT, Activation Energy
q 59.7RT,/M Chemical Energy Release
Vo 7.0 x 107% g/s-cm-K°7 Viscosity
Ko = D, 1.0 x 107° g/s-cm-K°7 Transport Constants
Output
ST, 413 cm/s Laminar Flame Speed
T 11.7T, Post-Flame Temperature
Ob 0.085p, Post-Flame Density
T 8.88 x 1073 cm Laminar Flame Thickness
Dcj 2.20 x 10° cm/s CJ Detonation Velocity
Pyap 54.5PF, Post-Shock Pressure
Po; 27.8P, Pressure at CJ Point
TyND 671, Post-Shock Temperature
Tcy 15.5T, Temperature at CJ Point
PZND 9.8p0 Post-Shock Density
pPCy 200 Density at CJ Point
Zq 3.2 x 107* cm Half-Reaction Thickness
A ~0.02 cm Detonation Cell Size

channels with stoichiometric ethylene-oxygen, such as the work by Wu et al. [48], is

available for comparison. The small scale detonation properties of this fuel-oxidizer

mixture, such as small detonation cell sizes, fast reactions, and energy release, make

ethylene-oxygen an ideal fuel-oxidizer mixture for studying DDT in small channels.

2.3 Flame Acceleration and DDT

Previous work [18, 39] has shown that flame acceleration is rapid in channels with

br = 0.5 for stoichiometric mixtures of hydrogen and air. Figure 2 shows flame

acceleration and transition to detonation for the stoichiometric ethylene and oxygen
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Fig. 1. Computational setup in units of cm. Obstacles evenly spaced along channel
length L. Radius of the initial burned region is 0.08 cm. Blockage ratio is 0.1 in this
case.
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Fig. 2. Accelerating flame and detonation in 2D quarter-channel with br = 0.5. Time
in milliseconds is shown in the frame corners. Obstacles are numbered.

mixture for br = 0.5. As the flame passes over obstacles, its surface area increases due
to expansion and fluid instabilities (Rayleigh-Taylor, Richtmyer-Meshkov, and Kelvin-
Helmholtz), shocks and all of their interactions. Strong leading shocks propagate into
the unburned gas. The leading shock diffracts over obstacles and reflects from the
channel floor, eventually forming a Mach stem (0.1126 ms). At 0.1355 ms, detonation
occurs in hot, unburned gas as a Mach stem reflects from an obstacle and leaves a hot
spot in a gradient of reactivity. In Fig. 2, the unburned material detonates behind a
Mach stem reflection from obstacle 7 at 0.1355 ms.

When br is much smaller, 0.1 shown in Fig. 3, the flame accelerates more slowly
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Fig. 3. Full simulation for blockage ratio of 0.10. Time in milliseconds is shown in
the frame corners. Obstacles are numbered.

and stays laminar longer as it propagates into the channel. For br = 0.5, detonation
occurs at 0.136 ms at 3.5 cm from the left edge, having passed six obstacles. When
the br = 0.1, detonation occurs against the lower wall at 0.271 ms at 7.25 cm, having
passed 11 obstacles. Despite the major differences in time and distance to DDT, the
flame development is similar in both cases. Unburned gas is driven downstream over
obstacles causing vortex shedding from the obstacle’s leading edges (seen starting at
0.1804 ms in Fig. 3). Vortices coalesce behind obstacles to form regions of recircu-
lation. The flame surface area increases as it is pulled into the recirculation region

and becomes turbulent as the acoustic waves shed by the vortices propagate through
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the flame. Shocks form as the flame accelerates, increasing in strength as they reflect
off the obstacles, and these shocks collide with one another. Rather than seeing the
rapid development of a strong leading shock that is closely coupled with the flame,
as seen in Fig. 2, a relatively large unburned, turbulent region filled with shocks and
strong vortices now forms between the flame and the leading shock. Figure 4 shows
the complexity and dynamic structure in this shock-flame complex.

~ “Bumed.
Products’

-

<
<

J_‘I

Y

3500

11500 5500T(K)

unburned I
300 500 800T(K)

Fig. 5. Multiple shock collision and detonation. Time is shown in ms.
Figure 5 is an enlargement of the detonation that occurs in Fig. 3 for br = 0.1.
Two shocks, labeled S1 and S2 at 0.2689 ms, collide at 0.2696 ms. Shock S1 is

immediately ahead of the flame, traveling to the right, and shock S2 is reflected from

the downstream obstacle (shown in white in the lower right corner of Fig. 5) and
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is traveling to the left. The shock collision ignites two hot spots in the boundary
layer, labeled H1 and H2. By 0.2707 ms, H1 evolves into a flame and shock, and H2
evolves into a detonation. The analysis below shows that the confluence of shocks
causes transition to detonation in hot unburned gas. This detonation mechanism has
elements of both gradient ignition and direct initiation of detonation.

To quantify the change in state of unburned material compressed during the
multiple-shock collision, a control volume analysis was performed on a small 33.3
pm X 33.3 pm region at the location where H2 forms and becomes a detonation. The
analysis tracked the change in pressure, temperature, density, and energy release rate
over a 0.2 us period from 270.5 us to 270.7 ps. This corresponds to a time before
the region is compressed by the shock collision to a time after the detonation formed
and propagated through the region. Figure 6 shows the trends of the state variables.
Shock compression begins at 270.55 us, and the material begins to react chemically at
270.65 ps. The pressure and density increase dramatically, first from shock compres-
sion and then after the detonation. As the detonation propagates out of the region,
the pressure and density decrease. The average temperature in the control volume

prior to combustion is ~850 K.
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Fig. 6. State variables in the control volume from 270.5 us to 270.7 us (a) Shock
compression (b) Detonation. The gas begins to react chemically at 270.65 ps.
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Fig. 7. Rate of energy deposition in control volume during (a) Shock compression (b)
Detonation.

Figure 7 shows the rate of energy deposition into the control volume. Chemical
energy is defined as heat release per kg of reactant, ¢, internal energy is P/(y — 1),
and kinetic energy is 0.5pu?, where u is the magnitude of velocity. As the material
in the region is compressed, rates of internal and kinetic energy increase, followed
by a second peak as the material detonates. The detonation carries energy out of
the region as it propagates into the surrounding gas, resulting in the negative energy
rates seen after 270.66 us. The total energy content in the region, defined as the sum
of chemical, internal, and kinetic energies, increases by a factor of 15 during shock
compression.

Prior work [18] has shown that for hydrogen and air mixtures in channels of
different sizes, there were different regimes of DDT. The authors found that in some
of these regimes, the detonation mechanism was more sensitive to the turbulence in
the flow. The variations in br described in this paper reflect the same phenomenon,
that there are different regimes of DDT with varying sensitivity of the detonation
mechanism to turbulence. In the br = 0.1 regime, the sensitivity of the solution to
the turbulence causes the detonation to occur at slightly different times and locations

for cases with modified initial conditions.
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Fig. 8. Shock reflections and collisions result in initiation of two detonations. Time
is shown in ms.

Figure 8 shows the detonation in another simulation with br = 0.1 with slightly
different initial conditions. A smaller coarse mesh size of 26.7 ym was used, as
compared to 53.3 pm in the previously described br = 0.1 case shown in Fig. 3. The
location of the detonation is ~1.2 cm further along the channel boundary than the
detonation that occurred in Fig. 5, however, it again appears where shock collisions
and reflections are focused. The shock immediately ahead of the flame, labeled S3,
reflects off the channel boundary and ignites a hot spot H3 in the boundary layer. The
hot spot becomes a detonation while another shock ahead of the flame, labeled S4,
reflects off the obstacle shown in the lower right corner of the figure. The reflection
of S4 ignites another hot spot, labeled H4, that also becomes a detonation. The
two detonations combine and propagate down the channel. Although the time and
location of detonation is stochastic due to turbulence in the flow, which is heavily
dependent on initial conditions such as grid size, the detonation mechanism in the
low br regime is robust. This is consistent with previous work investigating the
stochasticity of DDT in flow regimes that are sensitive to turbulence in the flow [18].

A comparison of the simulations with br = 0.5 and 0.1 shows that obstacle size
plays a major role in the flame acceleration, turbulence in the flame and unburned

gas, shock formation, time or distance to detonation, and detonation mechanism.
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Fig. 9. Forward position of the reaction front within the channel as a function of
time for 0.1 and 0.5 blockage ratio cases. Detonations occur at inflection points on
the curves.

Figure 9 shows the position of the tip of the reaction front as a function of time
for both blockage ratios. Higher values of br result in a more predictable flow as
strong leading shocks form very close to the flame. These obstacles consistently
produce Mach-stems and detonations that form behind Mach-stem reflections. For
this stoichiometric ethylene and oxygen mixture, the flame never falls more than ~0.2
cm behind the leading shock. When br decreases, the leading shocks form as far as
1.5 ¢cm ahead of the flame tip, creating a large, unburned turbulent region ahead of
the flame. Rather than the detonation always occurring in a Mach reflection against
an obstacle, they may occur anywhere that energy is focused sufficiently to initiate
the detonation. The actual detonation location is stochastic because the turbulent
region is filled with shock collisions and reflections that may focus sufficient energy to
detonate the unburned gas anywhere within the turbulent region ahead of the flame.

Turbulence, an essentially stochastic process, dominates this region of shock col-
lisions, shock-boundary layer interactions, and fluid instabilities. This is complicated

even further by the nonequilibrium nature of the turbulence itself in these scenarios.
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2.4 Conclusions

Multidimensional, unsteady numerical simulations of an initially homogeneous mix-
ture of ethylene and oxygen in partially blocked channels were performed to determine
how the mechanism of DDT changes as the blockage ratio (br) is decreased. This pa-
per compared two cases, br = 0.5 and 0.1.

For br = 0.5, detonation occurs due to the creation of a hot spot in a gradient
of reactivity that forms behind a Mach reflection [18, 39, 40]. This was shown for
a different fuel-oxidizer mixture than used in previous work. In the case with br =
0.1, shock collisions increase the temperature, pressure, and density of the unburned
material. These effects and interactions occur frequently due to the complexity of
the shock structures and interactions in the unburned turbulent region between the
flame and the leading shock. As the flame propagates down the channel, the strength
of the shock collisions and reflections increases in this region. Multiple shocks collide
and reflect against the channel boundary, focusing energy in a localized region of
unburned material and detonating the mixture. These results are consistent with
direct initiation theory [10] and with detonations seen in experiments using similar
blockage ratios (br < 0.3) [46]. Sufficient energy is deposited into a localized region
on a timescale that is small relative to the acoustic timescale of the gas, initiating a
detonation.

An additional simulation, with br = 0.1, investigated the sensitivity of the solu-
tion to initial conditions. Modifying the coarse mesh size resulted in a difference in
detonation time and location of 0.02 ms and 1.2 cm, respectively, but the detonation
mechanism was the same. This phenomenon was also seen in previous work with
a different fuel-oxidizer mixture [18], where it was determined that some regimes of
DDT are especially sensitive to turbulence in the flow, which is heavily dependent on
initial conditions.

It is important to understand the similarities and differences in flame acceleration
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and DDT with different fuel-oxidizer mixtures. The small detonation cell size, fast
reactions, and rapid energy release in the combustion of ethylene-oxygen result in a
smaller length scale than in previous work with other mixtures [18, 39, 40|, however,
the detonation mechanism for the br = 0.5 case in previous work with other mixtures
is the same as what is observed for the br = 0.5 case for ethylene-oxygen. Future
work to directly compare results from different mixtures, such as where and when
DDT occur, the flow structures that form ahead of the turbulent flame, and whether
the flame is galloping or fast, will be a useful contribution to the study of DDT in

channels.
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3 Effect of Decreasing Blockage Ratio on DDT in

Small Channels with Obstacles

Gabriel B. Goodwin, Ryan W. Houim, Elaine S. Oran

This paper expands upon Chap. 2 by examining the effect of blockage ratio in an
obstructed channel on flame evolution and DDT, with the goal of answering the

following questions:

e Can detonation occur in the unburned gas through a mechanism other than the

ignition-gradient mechanism previously observed?

e Does detonation initiation always occur in the unburned gas, or can shock-flame

interactions cause the flame front to transition to a detonation?

e How does varying the blockage-ratio in the canonical obstacle-laden channel
affect flame evolution, development of turbulence, and detonation initiation?

Will the mixture detonate for very low blockage ratios?

Several simulations with varying blockage ratios are discussed and the energy-focusing
detonation mechanism is observed to cause detonations to occur, not only in the un-
burned gas, but also at the flame front. The rate of energy deposition resulting
from the shock collision that initiates the detonation is quantified through a con-
trol volume analysis. Two and three-dimensional simulations are compared and the
stochastic nature of DDT in this problem is investigated. This paper was originally
published [29] in the Journal of Combustion and Flame. The manuscript is available

at: https://doi.org/10.1016/j.combustflame.2016.07.029
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Abstract

Multidimensional numerical simulations of an unconfined, homogeneous, chemically
reactive gas were used to catalog interactions leading to the deflagration-to-detonation
transition (DDT). The configuration studied was an infinitely long rectangular chan-
nel with regularly spaced obstacles containing a stoichiometric mixture of ethylene
and oxygen, initially at atmospheric conditions and ignited in a corner with a small
flame. The channel height is kept constant at 3200 um and obstacle heights varied
from 2560 pm to 160 pum to decrease the blockage ratio (br) from 0.8 to 0.05. The
compressible reactive Navier-Stokes equations were solved by a high-order numerical
algorithm on a locally adapting grid. The initially laminar flame develops into a tur-
bulent flame with the creation of shocks, shock-flame interactions, shock-boundary
layer interactions, a host of fluid and chemical-fluid instabilities, and DDT. Several
different DDT mechanisms are observed as the br is reduced. For br in the range of
0.5 to 0.35, the shocks in the unburned material diffract over the obstacles and reflect
against the channel wall, forming Mach stems that increase in strength with every
obstacle traversed. Eventually, the Mach stem strength is sufficient for the unburned
mixture to detonate after it reflects from an obstacle. For br outside of this range,
DDT may occur either through Mach-stem reflection or through direct initiation due
to shock focusing. Stochasticity of the turbulence leading to DDT in channels with
low br is considered.

Keywords: DDT; Turbulent flame; Shock interactions; Direct initiation; Numerical

simulations

3.1 Introduction

Deflagration-to-detonation transition (DDT) is a complex process involving turbu-
lence, shock collisions and reflections, shock-flame interactions, and interactions of

shocks with boundary layers. It is an important topic because in many cases DDT
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must be prevented [30, 31] and in others its occurence must be controlled in time
and space [32-34]. DDT may be initiated by a number of different mechanisms that
have been seen in both computations and experiments [17, 18, 35-42]. Because of the
complexity of the flow, not all of these mechanisms, or the interplay among them, are
completely understood.

Direct initiation of a detonation in a gas has been studied experimentally and
theoretically [35-37]. Sufficiently large external energy addition at a timescale that
is small relative to the acoustic timescale of the explosive mixture can result in a
direct initiation of a detonation without first creating a measurable deflagration [10].
Recently, the response of the inert gas to a localized, transient energy deposition
has been studied by asymptotic analysis in an effort to quantify the gas response
(deflagration or detonation) [43]. Initiation of a detonation through a gradient of
chemical reactivity [14, 15] has been studied extensively using numerical simulations,
as summarized in [17]. DDT in channels with obstacles has been simulated for a
variety of premixed fuels [18, 39, 40] and has also been the subject of experimentation
[44].

The effect of obstacles, often characterized by a blockage ratio (br, or the obstacle
height divided by the channel height), on flame acceleration and DDT has been
investigated numerically [45] and experimentally [41, 42]. Gamezo et al. [45] noted
the competing effects of high blockage ratios: larger obstacles promote nonuniform
flow, which leads to rapid flame acceleration, and they also weaken shocks diffracting
over large obstacles. These authors also observed that the location in the channel
where DDT occurs does not vary significantly for the br = 0.31 — 0.56 range, and that
distance into the channel where DDT occurs increases sharply outside of this interval
for both higher and lower br.

This paper presents a series of simulations covering the range br = 0.05 — 0.8 in

order to identify how the mechanism of DDT changes as blockage ratio is varied. We
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will discuss the transition from an initially laminar flame to a turbulent flame and
DDT for several different regimes of flow characterized by br. DDT in the high br
regime (0.35 < br < 0.8) occured in gradients of reactivity formed behind Mach-stem
reflections against obstacles through the gradient mechanism. In the intermediate
regime (0.05 < br < 0.35), DDT occurred either behind a Mach reflection, at a
flame front, or in a volume of unburned gas subjected to shock focusing through
a direct initiation mechanism. In the low br regime (0.05), the DDT location was
against an obstacle or channel wall. In the case of br = 0.8, DDT occurs due to
both mechanisms, shock focusing through direct initiation and detonation through a

gradient mechanism.

3.2 Background

DDT in channels was first observed in multidimensional simulations when researchers
wanted to determine what was required to simulate DDT computationally [17, 18,
39, 40]. The expected result was for the flame front to transition to a detonation
as it accelerated down the channel, but researchers were surprised to see the deto-
nation initiate in the unburned mixture between a leading shock and the turbulent
flame front. This region between the leading shock and flame was shock-heated, with
significantly increased temperature, pressure and density.

DDT ignition in these early simulations was consistent with the DDT mecha-
nism first observed in calculations by Zeldovich et al. [14], who computed the one-
dimensional (1D) propagation of a chemical reaction in a detonable mixture, using
several different initial temperature gradients. Different regimes of chemical reaction
development were observed. For steep initial temperature gradients, a weak shock
formed that quickly separated from the reaction front and the reaction proceeded as
a normal flame propagation. Conversely, for very small initial temperature gradients,

the reaction proceeded throughout the entire mixture uniformly and a shock did not
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form. In an intermediate range of temperature gradients, the shock wave coupled
with the reaction front. The chemical reaction intensified the shock strength, eventu-
ally forming an overdriven detonation wave that gradually decayed to the Chapman-
Jouguet velocity, D¢ y. This DDT ignition-gradient mechanism was later observed in
experiments conducted by Lee et al. [15]. Detonable mixtures were ignited through
photochemical initiation and it was determined that detonation initiation required a
minimum peak value of free radical concentration as well as an appropriate gradient
of the free radical distribution. If the mixture’s gradient of reactivity supported prop-
agation of the chemical reaction in phase with the shock propagation, the coherent
energy release gave rise to a rapid amplification of the shock, leading to the forma-
tion of a detonation. Lee et al. referred to this phenomenon as the “Shock Wave
Amplification by Coherent Energy Release” (SWACER) mechanism.

The effect of obstacles in the flow on flame acceleration and DDT in channels has
been researched extensively [17, 18, 39]. Using obstacles with a br = 0.5 was the
predominant method for accelerating the flame and producing strong shocks ahead
of the flame in the unburned mixture. The shocks diffracted over the obstacles and
formed Mach stems after reflecting from the channel wall, with the strength of the
Mach stem increasing with each obstacle traversed. Collision of the Mach stems with
the obstacles greatly increased the temperature of the unburned mixture and created
a gradient of reactivity. When a correct gradient of reactivity formed such that the
temperature reached the autoignition threshold for the mixture, a spontaneous wave

would emerge with speed D, [17],

V.
D,, = — 2
b IV, |” 2)

where 7. is induction time. This spontaneous wave propagated through the gradient
of reactivity and became an overdriven detonation. DDT ignition in channels with

obstacles was consistent with the mechanisms observed in earlier work [14, 15].
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In channels with smaller br, the diffraction of the shocks over the obstacles does
not produce the strong Mach stems seen in the channels with larger br. Recent nu-
merical simulations [28] have shown that the shock heated, unburned mixture may
detonate due to shock reflections and collisions rapidly depositing energy into a lo-
calized volume at a timescale smaller than the acoustic timescale of the gas. In this
regime, DDT does not occur as predictably as it does in the high br regime when it
forms in a gradient of reactivity against an obstacle. DDT occurs wherever the rate of
energy deposition into a volume of the unburned mixture is sufficient to directly initi-
ate a detonation. This may happen when multiple shocks reflect against the obstacles
and channel walls, then collide with one another, or even when shocks intersect in
unobstructed space. The collision deposits sufficient energy into the unburned mix-
ture to initiate a detonation. Experimentally, this has been shown to occur against or
near the channel wall, just after the flame has traversed an obstacle, likely due to the
same energy deposition mechanism [49]. This paper explores these DDT mechanisms
observed in a series of two-dimensional (2D) and three-dimensional (3D) calculations

with varying br.

3.3 Numerical and Physical Model

The numerical model solves the full set of Navier-Stokes equations for an unsteady,
fully compressible, chemically reacting gas, an ideal gas equation of state, and a

simplified, calibrated chemical-diffusive model is used to convert fuel to product,

dp
S+ V- (pU) =0 (3)
—a(g?) +V-(pUU)+VP=V-7 (4)
%_f+v-((E+P)U):v-(U-%)+V-(KVT)—pqw (5)
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(pY)

b V- (pYU) + V- (pDVY) = piir = 0 (6)
pRT

P=5r g

g =w = —ApY exp(—E,/RT) (8)

where p is the mass density, U is the velocity, E is the energy density, P is the
pressure, 1" is the temperature, Y is the mass fraction of reactant, w is the reaction
rate, ¢ is the total chemical energy release, K is the thermal conduction coefficient, D
is the mass diffusion coefficient, R is the universal gas constant, M is the molecular
weight, A is the pre-exponential factor, and F, is the activation energy. Thermal
conductivity, x, viscosity, v, and mass diffusivity, D, were modeled using reference
values of 1.0 x 107° g/s-em-K%7, 7.0 x 1076 g/s-cm-K%7, and 1.0 x 107° g/s-cm-K%7,

respectively. The viscous stress tensor is defined as

#=pv((VU) — (VU)T — g(V -U)I), 9)

where I is the unit tensor and the superscript 1" indicates matrix transposition. A
Godunov algorithm, fifth-order accurate in space and third-order accurate in time
[19], is used to solve the equations on a dynamically adapting mesh [47]. Obstacles
were modeled using an immersed boundary method [50]. The simulations described
below used meshes with a minimum spacing dz,;, = 3.3 pm and coarsest spacing
of drpmax = 53.3 um. The largest grid had 60 cells across the channel height and
the smallest had 960 cells. This choice of grids was tested and shown to resolve the
flames, boundary layers, shocks, and other important flow and chemical structures.
The input parameters in Table 2 (courtesy of Alp Ozgen) were chosen to repro-
duce the flame and detonation properties of the ethylene-oxygen mixture initially
at 1 atm and 298 K. Using the input parameters in one-dimensional (1D) and two-

dimensional (2D) solutions of the Navier-Stokes equations produces the output flame
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Table 2. Input model parameters and output combustion wave properties for stoi-
chiometric ethylene and oxygen initially at 1 atm and 298 K.

Input
P, 1 atm Initial Pressure
Ty 298 K Initial Temperature
Po 1.27 x 1073 g/cm? Initial Density
0 1.2195 Adiabatic Index
M 31 g/mol Molecular Weight
A 1.05 x 10'? cm?®/(g s) Pre-Exponential Factor
E, 39.2RT, Activation Energy
q 59.7RT,/M Chemical Energy Release
Vo 7.0 x 107% g/s-cm-K°7 Viscosity
Ko = D, 1.0 x 107° g/s-cm-K°7 Transport Constants
Output
ST, 413 cm/s Laminar Flame Speed
T 11.7T, Post-Flame Temperature
Ob 0.085p, Post-Flame Density
T 8.88 x 1073 cm Laminar Flame Thickness
Dcj 2.20 x 10° cm/s CJ Detonation Velocity
Pyap 54.5PF, Post-Shock Pressure
Po; 27.8P, Pressure at CJ Point
TyND 671, Post-Shock Temperature
Tcy 15.5T, Temperature at CJ Point
PZND 9.8p0 Post-Shock Density
pPCy 200 Density at CJ Point
Zq 3.2 x 107* cm Half-Reaction Thickness
A ~0.01 cm Detonation Cell Size

and detonation properties shown. Previous work [17] has shown that it is important

to use a chemical-diffusive model for the conversion of reactant to product that ac-

curately reproduces the major characteristics of the system. Such a model is needed

because these are complex, multidimensional simulations over length scales of cen-

timeters with reaction scales on the order of micrometers. At a basic minimum, the

chemical-diffusive model must reproduce the major features of the system while still

being practical computationally. The simulations in this paper used a one-step re-

action model described by second-order Arrhenius kinetics (see Eqn. (7)), where the

reaction rate w is proportional to p to account for the binary nature of chemical reac-
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tions that take place in typical combustion systems. The effects of viscosity, diffusion,
and heat conduction have a similar temperature dependence,
1/:1/03,D:D03,£ :nog, (10)
p p pCy p
where vy, Dy, and kg are constants, C,, = yR/M (7 —1) is the specific heat at constant
pressure, and n = 0.7 emulates the typical temperature dependence for the system.
To solve Egs. (2)-(9), we require input values for the chemical and thermophysical
parameters for ethylene-oxygen that reproduce ignition, flame, and detonation prop-
erties that are similar to those computed using more detailed models or measured
in experiments. The model parameters in Table 3 were determined to accurately
reproduce induction delay, a 1D laminar flame with correct thickness, laminar flame
velocity, adiabatic flame temperature, a 1D detonation with correct thickness, D¢,
and post-shock temperature in a stoichiometric ethylene-oxgen system. To estimate
the detonation cell height, A, for this model, a 2D detonation was computed on a finer
mesh with 8.2 grid points per x4. Cell height ranged from 0.08 to 0.12 mm, which
is consistent with reported experimental results, which range from 0.1 mm to 2 mm
48].

The computational geometry and setup is shown in Fig. 10. Obstacles are uni-
formly spaced along the channel wall with a constant obstacle width and height
through the channel. The channel is open on the right, with symmetry planes at
the top and left boundaries. The bottom wall and all obstacle surfaces are no-slip
adiabatic boundaries. To ignite the mixture, a circular region of hot, burned product

at 3500 K and 1 atm is placed at the left wall.
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Fig. 10. Computational setup. Units of cm. Obstacles evenly spaced along channel
length L. Radius of the initial burned region is 0.08 cm. Blockage ratio is 0.5 in this
case.
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Fig. 11. Accelerating flame and detonation in 2D quarter-channel with br = 0.8.
Time in milliseconds is shown in the frame corners. Obstacles are numbered. Frame
width is 1.6 cm.

3.4 Flame Acceleration and DDT
3.4.1 High Blockage Ratio

In channels with high obstacles, such as the br = 0.8 case shown in Fig. 11, the

flame accelerates rapidly as it expands gger the obstacles and its surface area in-



creases. The flame becomes increasingly turbulent due to fluid instabilities (Rayleigh-
Taylor, Richtmyer-Meshkov, and Kelvin-Helmholtz). A strong shock forms immedi-
ately ahead of the flame, seen starting at 0.0991 ms in Fig. 11. The leading shock
diffracts over obstacles, reflecting from the channel floor and forming a Mach stem
behind it (0.1229 ms). As the leading shock traverses the obstacles, the strength of
the Mach stem increases. The first detonation, D1, occurs in the corner in front of
obstacle 7 when shocks collide and focus energy in a localized region of unburned gas
(0.1314 ms). D1 does not survive because there is insufficient reactant available for it
to traverse obstacle 7. A second detonation, D2, occurs when the leading Mach stem
reflects from obstacle 8 (0.1338 ms). Again, there is not enough reactant available
between the top of obstacle 8 and the flame for D2 to survive. The shock created by
D2, however, propagates through the back of the flame into the unburned gas, causing
it to detonate (D3 at 0.1356 ms). The detonation D3 survives and propagates down
the channel length. Figure 12 shows the shock produced by D2 passing through the
reaction front and causing the transition to detonation at 0.1353 ms.

Flame acceleration and DDT in channels with br = 0.5 has been studied exten-
sively for mixtures of hydrogen and air [18, 39, 40]. Figure 13 shows that the flame
development is similar to that for br = 0.8. The flame accelerates due to expansion,
fluid instabilities, shocks, and all of their interactions. Figure 14 shows that detona-
tion occurs in preheated, unburned gas as a Mach stem reflects from an obstacle and
leaves a hot spot in a gradient of reactivity. Pressure and temperature increase be-
hind the Mach reflection, igniting two hot spots at 0.1356 ms. The hot spots become
detonations through the gradient mechanism. Detonation occurs 3.5 cm from the left

edge after the flame has passed six obstacles.
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Fig. 12. Detonation with br = 0.8. Time in milliseconds is shown in the frame corners.
Obstacle 8, detonation D2, the shock formed by D2, and D3 are labeled. Domain is
x = [4.1,4.3] cm and y =[0.22,0.32] cm.

3.4.2 Intermediate Blockage Ratio

When br = 0.1, detonation occurs at 7.25 cm against the lower wall at 0.271 ms,
after the flame has passed 11 obstacles. Unburned gas is pushed downstream over
obstacles causing vortex shedding from the obstacle’s leading edges (seen starting
at 0.1804 ms in Fig. 15). Vortices coalesce behind obstacles to form recirculation
regions. The flame surface increases as it is pulled into the recirculation region,
and the flame becomes turbulent as the pressure waves created by the compressible
vortices propagate through the flame. Shocks form as the flame accelerates, and these
shocks increase in strength as they reflect off the obstacles and the channel boundaries.

Fluid instability in the unburned region behind the leading shock increases as the

34



1500 3500 5500 T(K)

NG burned -

300 500 800 T(K)

Fig. 13. Accelerating flame and detonation in 2D quarter-channel with br = 0.5.
Time in milliseconds is shown in the frame corners. Obstacles are numbered. Frame
width is 1.6 cm.
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Fig. 14. Detonation with br = 0.5. Time in milliseconds is shown in the frame corners.
Obstacle 7 shown on right side. Domain is x = [3.4,3.5] cm and y =[0,0.1] cm.

shocks collide and interact with boundary layers and vortices.
Figure 16 is an enlargement of the detonation that occurs in Fig. 15 for br =

0.1. Two shocks, labeled S1 and S2 at 0.2689 ms, collide at 0.2696 ms. Shock S1 is
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Fig. 15. Full simulation for blockage ratio of 0.10. Time in milliseconds is shown in
the frame corners. Obstacles are numbered. Frame width is 1.6 cm.

immediately ahead of the flame, traveling to the right, and shock S2 is reflected from
the downstream obstacle (shown in white in the lower right corner of each frame in
Fig. 16) and travels to the left. A shock collision ignites two hot spots in the boundary
layer, labeled H1 and H2. By 0.2707 ms, H1 evolves into a flame and shock, and H2
becomes a detonation. The analysis in Section 3.5.2 shows that the confluence of
shocks causes transition to detonation in hot unburned gas in this intermdediate br
regime through a detonation mechanism that has elements of both gradient ignition

and direct initiation of detonation. This is also discussed in [28].
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Fig. 16. Multiple shock collision and detonation for br = 0.1. Time in milliseconds is
shown in the frame corners. Domain is x = [7.125,7.325] cm and y =[0,0.1] cm.

3.4.3 Low Blockage Ratio

In the low br regime, the flame accelerates very slowly. A relatively large, unburned,
turbulent region filled with reflecting shocks and strong vortices forms between the
flame and the leading shock. Figure 17 shows the complexity and dynamic structure
in this shock-flame complex prior to DDT. Detonation, shown in Fig. 18, occurs at
0.5562 ms at 16.8 cm, after the flame passed 27 obstacles. A shock ahead of the
flame, labeled S3, reflects against obstacle 28 and collides with shock S4, increasing
the pressure and temperature of the gas subjected to the double shock collision.
S4 then forms a Mach stem against the channel wall. A hot spot and subsequent

detonation form when the Mach stem collides with obstacle 28.
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Fig. 17. Numerical schlieren, |Vpl|, showing the turbulent region for br = 0.05. Di-
mensions are in cm.
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Fig. 18. Detonation with br = 0.05. Time in milliseconds is shown in the frame
corners. Obstacle 28 is labeled. Domain is x = [16.8,17.0] cm and y =[0,0.1] cm.

3.4.4 Comparison of DDT in Two and Three Dimensions

Another set of simulations with a channel height of 0.16 cm and br = 0.1 was per-
formed to compare 2D and 3D flame acceleration and DDT. The channel height was
decreased from 0.32 cm to 0.16 cm to reduce computational expense in the 3D cal-
culation. Figure 19 shows the computational setup, now for which dx;, = 6.67 um
and dxy.x = 53.33 pum. Despite the difference in the two channel heights, the DDT

mechanism is the same. The detonation in the 2D simulation with a reduced channel
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height is shown in Fig. 20. Detonation occurs after the flame has passed 13 obstacles
at 0.1472 ms, 4.11 cm into the channel. The accelerating flame creates pressures
waves that coalesce into a shock and the shock reflects from the channel wall. The
shock reflection passes through the turbulent flame front, causing the flame front to

transition to a detonation, as it does in the case with br = 0.8 (see D3 in Fig. 12).

-,
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Fig. 19. Computational setup for 3D calculation in units of cm. Obstacles evenly
spaced along channel length L. Radius of the initial burned region is 0.04 cm.
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Fig. 20. Detonation with br = 0.1 and a channel height of 0.16 cm. Time in millisec-
onds is shown in the frame corners. Domain is x = [4.01,4.21] cm and y =[0,0.16]
cm.

In the 3D case, the channel width is 0.16 cm with periodic boundary conditions
in the z direction, with coordinate axes shown in Fig. 19. The turbulent flame accel-
eration and transition to detonation is shown in Fig. 21. The evolution of the flame
and eventual DDT is similar to what is observed in a 2D channel with intermediate
br. The initially laminar flame accelerates as it traverses the obstacles. A turbulent
flame structure forms near the bottom wall after the flame has passed three obstacles,

shown at 0.071 ms. After passing six obstacles, the entire flame front has become tur-
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bulent. At 0.102 ms, the unburned mixture detonates near the bottom wall, 3.05 cm
down the length of the channel, due to the same mechanism of energy deposition we
see in the 2D simulations for intermediate br. The detonation begins near the center
of the channel width and propagates down the length of the channel (x direction),
forming cell structure as shown at 0.113 ms. The multidimensional turbulence in the
3D case leads to a faster rate of flame acceleration and earlier detonation than in the
2D case. Figure 22 shows the location of the tip of the reaction front as a function of

time for the 2D and 3D cases.

3.5 Discussion
3.5.1 Effect of Blockage Ratio

A comparison of the simulations with high and low br shows that obstacle size plays
a major role in flame acceleration, turbulence in the flame and unburned gas, shock
formation, time or distance to detonation, and thus in the detonation mechanism.
Figure 23 shows the position of the tip of the reaction front as a function of time for
all blockage ratios studied. In the regime of high br, the time to detonation increases
from 0.136 ms for br = 0.8 to 0.161 ms for br = 0.35. In the low br regime, it takes
considerably longer for DDT to occur, here at 0.556 ms for br = 0.05. Figure 24
shows the number of obstacles traversed by the tip of the reaction front prior to DDT
for each br. Higher obstacles cause the flow to become turbulent faster, as the higher
obstacles perturb the flame more than smaller obstacles. A reverse relationship holds
for the br = 0.8 case, where the reaction front traverses 7 obstacles before DDT, as
opposed to the 6 obstacles before DDT in the br = 0.5 and 0.35 cases. The reaction
front passes more obstacles before DDT when the br = 0.8 because the obstacles in
this case are high enough to choke the initial laminar expansion of the flame, resulting
in slower initial acceleration than in the br = 0.5 and 0.35 cases. In the br = 0.05 case,

the obstacles take much longer to perturb the flame and create shocks of sufficient
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Fig. 21. Isosurfaces of reactant mass fractions, Y, of 0.2, 0.5, and 0.8 show flame
acceleration and detonation in 3D channel with br = 0.1. Time in milliseconds is
shown in the frame corners. Obstacles are numbered.

strength to detonate the unburned gas. When br = 0.05, the reaction front traverses
28 obstacles prior to detonation.

When br is in the intermediate range (br = 0.1 in Fig. 15), the flame accelerates
more slowly and stays laminar further into the channel than it does for higher obstacles

(such as br = 0.5, in Fig. 13). Higher values of br result in a more predictable flow
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Fig. 22. Reaction front tip position vs. time for 2D and 3D simulations with a channel
height of 0.16 cm and br = 0.1. The time and number of obstacles to detonation is
shown.
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Fig. 23. Reaction front tip as a function of time for all blockage ratios in this series
of simulations. Detonation occurs at the inflection point, as shown for br = 0.05.

as strong leading shocks form very close to the flame. These obstacles consistently
produce Mach-stems and detonations that form behind Mach-stem reflections. For

this stoichiometric ethylene-oxygen mixture, the flame never falls more than ~0.2
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Fig. 24. Number of obstacles to detonation as a function of blockage ratio

cm behind the leading shock for br = 0.5. When br decreases to 0.1, the leading
shocks form as far as 1.5 cm ahead of the flame tip, creating a large, unburned
turbulent region ahead of the flame. Rather than a detonation always occurring in
a Mach reflection against an obstacle, it may occur anywhere that energy is focused
sufficiently to initiate the detonation. The actual detonation location is stochastic
because the turbulent region is filled with shock collisions and reflections that may
focus sufficient energy to detonate the unburned gas anywhere within the unburned,
turbulent region ahead of the flame.

The case with br = 0.8 is particularly interesting because both DDT mechanisms
arise. As shown in Fig. 11, detonation D2 occurs in a gradient of reactivity behind a
Mach-stem reflection. Due to the height of the obstacles, there is insufficient reactant
available between the burned gas and the obstacle for the D2 detonation front to
traverse the obstacle and propagate through the channel. When the shock produced
by D2 passes through the burned gas and the reaction front, it causes DDT through
the SWACER mechanism. The shock couples with the flame and injects sufficient
energy into the chemically reacting gas to cause the flame to transition to detonation

D3. This process of shocks causing a flame front to transition to detonation is also
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seen in the 2D, 0.16 cm channel height case, as shown in Fig. 20.

3.5.2 Shock Focusing and Rapid Energy Deposition

A control volume analysis was performed on a small, 33.3 ym x 33.3 pm region
(marked in the first frame of Fig. 20) where the detonation emerges from the flame
front at 0.1472 ms. The analysis tracked the change in pressure, temperature, density,
and energy-release rate over a 0.45 us period from 146.9 us to 147.35 ps. This covers
the time before the region is compressed by the shock reflection to a time after the
detonation formed and propagated through the region. Figure 25 shows the trends of
the state variables during this time period. Shock compression begins at 146.9 us, and
the material begins to react chemically at 147.15 us. As the material is compressed by
the shock reflection, the pressure and density increase dramatically. There is another
spike when the mixture detonates. As the detonation propagates out of the region,

the pressure and density decrease.
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Fig. 25. State variables in the control volume from 146.9 us to 147.35 us. Shock com-
pression begins at (a). Detonation occurs at (b). The gas begins to react chemically
at 147.15 us.

Figure 26 shows the rate of energy deposition into the control volume. Chemical

energy release is defined as heat release per kg of reactant, ¢, and sensible internal

44



[ (@) ()
[ 013

Chemical Energy Rate (MW)
=
=}

Internal Energy Rate (MW)

-0.2

S -0.3

-2.5 -0.4
146.9 146.95 147 147.05 147.1 147.15 1472 14725 1473
Time [ps]

Fig. 26. Rate of energy deposition in control volume. Shock compression begins at
(a). Detonation occurs at (b).

energy is P/(~y—1). As the material in the region is compressed, the density, pressure,
and internal energy increase. There is a second peak as the material detonates and
chemical energy is released. The flow behind the detonation wave carries energy out
of the region as the detonation propagates into the surrounding gas, resulting in the
negative energy rates seen after 147.17 us. The total energy content in the region,
defined as the sum of chemical, internal, and kinetic energies, increases by a factor
of 16 during shock compression. A similar analysis was performed in earlier work
28] for the case shown in Fig. 15 with br = 0.1 and a channel height of 0.32 cm.
The analysis tracked the rate of energy deposition into a region of unburned gas
subjected to multiple shock collisions resulting in a detonation, as shown in Fig. 16.
The trends shown here in Figs. 25 and 26 are consistent with the earlier analysis.
The shock compression causes a rapid increase in pressure, temperature, and density.
The result is an increase in the rate of energy deposition, followed by direct initiation

of a detonation in the unburned gas.
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3.5.3 Stochastic Analysis

Prior work [18] has shown that for hydrogen and air mixtures in channels of different
sizes, there were different regimes of DDT. The authors found that in some of these
regimes, the detonation mechanism was more sensitive to the turbulence in the flow.
The variations in br described in this paper reflect the same phenomenon, that is,
that there are different regimes of DDT with varying sensitivity of the detonation
mechanism to turbulence. In the br = 0.1 intermediate regime, the sensitivity of
the solution to turbulence causes the detonation to occur at slightly different times
and locations for cases with modified initial conditions. Following [18], we have
now shown that simulations for cases in which the initial background temperature is
varied within 2984+0.01 K, the location and time of detonation change slightly, but
the mechanism remains the same. Figure 27 shows the reaction-front tip position
as a function of time for simulations with br = 0.1 and for slightly varied initial
background temperature. The time to detonation differs within a range of 0.05 ms

and the distance to detonation varies within a 2.4 cm range.
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Fig. 27. Position of the reaction-front tip as a function of time for br = 0.1 for
background temperatures (labeled in K) in the range 298+0.01 K. Range in time and
distance to detonation are 0.05 ms and 2.4 cm, respectively.
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Stochasticity in cases with br = 0.1 can also be seen when the grid size is varied.
Figure 28 shows the detonation in another simulation with br = 0.1 with the same
minimum grid size as in the original br = 0.1 case shown in Fig. 15, but with
a finer coarse grid (26.7 pum instead of 53.3 pum). The location of the detonation
is ~1.2 cm further along the channel boundary than the detonation that occurred
in the original br = 0.1 case (shown in Fig. 16). Nevertheless, a detonation again
appears where shock collisions and reflections are focused. The shock immediately
ahead of the flame, labeled S5, reflects off the channel boundary and ignites a hot
spot H3 in the boundary layer. The hot spot becomes a detonation while another
shock ahead of the flame, labeled S6, reflects off the obstacle shown in the lower right
corner of the figure. The reflection of S6 ignites another hot spot, labeled H4, that
also becomes a detonation. The two detonations combine and propagate down the
channel. Turbulence, an essentially stochastic process, dominates this region of fluid

instabilities, shock collisions, and shock-boundary layer interactions.
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Fig. 28. Shock reflections and collisions result in initiation of two detonations. Time
in milliseconds is shown in the frame corners. Domain is x = [8.35,8.65] cm and y
=[0,0.2] cm.

47



3.6 Summary and Conclusions

The effect of the blockage ratio (br) on the mechanism of DDT was studied by an-
alyzing a series of multidimensional, unsteady numerical simulations of an initially
homogeneous mixture of ethylene and oxygen in partially blocked channels. This
paper compared several cases taken from a series of simulations with br = 0.05 — 0.8,
including a three-dimensional (3D) calculation.

For br = 0.35 — 0.5, detonation occurs due to the creation of a hot spot in a
gradient of reactivity that forms behind a Mach reflection [18, 39, 40]. This was
shown for different fuels than were used in prior work. In the case with br = 0.05 —
0.2, shock collisions increase the temperature, pressure, and density of the unburned
material. These effects and interactions occur frequently due to the complexity of
the shock structures and interactions in the unburned turbulent region between the
flame and the leading shock. As the flame propagates down the channel, the strength
of the shock collisions and reflections increases in this region. Multiple shocks collide
and reflect against the channel boundary, focusing energy in a localized volume of
unburned material and detonating the mixture. These results are consistent with
direct initiation theory [10] and with detonations seen in experiments using similar
blockage ratios (br < 0.3) [49]. Sufficient energy is deposited into a localized region on
a timescale that is small relative to the acoustic timescale of the gas, thus initiating
a detonation. DDT by rapid energy deposition into a localized region at a very
small timescale was also seen in a 3D calculation with br = 0.1, validating two-
dimensional (2D) results. Increased turbulence in the 3D calculation led to a faster
flame acceleration and earlier DDT than in the comparable 2D case, although the
detonation mechanism remained the same.

The case of high blockage ratio, br = 0.8, showed both mechanisms. A hot spot
ignited in a gradient of reactivity formed behind a Mach reflection, but the detonation

failed due to insufficient reactant for the detonation front to traverse the upstream
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obstacles. The shock created by the second detonation propagated through the burned
products, through the reaction front, and into the unburned gas. As the shock passed
through the reaction front, the flame transitioned to detonation. The detonation
mechanism here was shock focusing, as the reaction front was compressed by the
shock and enough energy was deposited for transition to detonation. This same
phenomenon is seen in the 2D, 0.16 cm channel height simulation with br = 0.1.

An additional series of simulations, with br = 0.1, investigated the sensitivity of the
solution to initial conditions. Modifying the initial background temperature, within
the range of 29840.01 K resulted in a difference in detonation time and location, but
the detonation mechanism was the same. This phenomenon was also seen in previous
work with a different fuel mixture [18], where it was determined that some regimes

of DDT are especially sensitive to turbulence in the flow.
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3.8 Supplemental Material
3.8.1 Resolution & Stochasticity Considerations

The following work was not included in this chapter as originally published in [51],
but is included here for additional discussion on the stochasticity of DDT. In addition
to varying the initial background temperature of the unburned gas to examine the
effect on time and distance to DDT, as discussed in Sec. 3.5.3, the grid resolution
was varied for the br = 0.1 case to determine whether or not the solutions are grid
independent. Five grid resolutions, including the original resolution used for the 2D

calculation shown in Fig. 15, were used in the study.
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Fig. 29. Reaction front tip position as a function of time for the br = 0.1 case using
five different grid resolutions.

Figure 29 shows reaction front tip position as a function of time for the five cases.
The solution is initially grid independent during the laminar expansion phase of the
flame’s development (up to ~0.15 ms). Once the flame becomes turbulent through
interaction with shocks, vorticity, and fluid instabilities, the solutions begin to diverge
and the time and distance to detonation varies by 0.04 ms and 1 cm, respectively. The
solutions do not begin to show better agreement as resolution increases, at least for

the resolutions studied. Computational expense prohibited the testing of grids finer
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than those considered here. Interestingly, the solution with the coarsest resolution
for the fine mesh (dzy,;, = 13.3 pm) agrees best with the solution with a significantly
more refined mesh (dzrp, = 3.33 um and dry., = 26.7 pm). This result is also
apparent in Fig. 30, which shows reaction front speed as a function of time for the
same five cases. The solutions show similar flame speed during the laminar portion of
the flame’s acceleration and begin to diverge as soon as the flow becomes turbulent
due to the stochastic nature of turbulence in this system, as discussed in Sec. 3.5.3.
For the five cases considered, there is no discernible causality between the time and

distance to detonation and grid resolution.

3500 p

dxmax =76.2pm, dxmi“ =2.38 pm

dxm = 53.3 pm, dxmin =3.33 um

a

dx =533 pm,dx_. =6.67 pm
2500 i max B min B %
dx s 53.3 pm, dxmin =13.3 pym

ma

dxmax =26.7pm, dxmin =3.33 um

3000 f

2000

1500 f

Reaction Front Speed [m/s]

1000 f

500

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time [ms]

Fig. 30. Reaction front speed as a function of time for the br = 0.1 case using five
different grid resolutions.

Inevitably, if computational resources were irrelevant and grid resolution were to
be increased further and further, the solution would eventually converge and be grid
independent. This is impractical from a computational perspective, but also unnec-
essary for the current study since the physics of interest are insensitive to initial con-
ditions and grid resolution. Despite the variability in when and where detonation will
occur, the same flame evolution process and DDT mechanism is observed in all cases.
As such, the solutions can be considered qualitatively converged. If grid-independent,

quantitative results are desired, such as where precisely a detonation will occur in a
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given system, greater computational resources than those currently available will be
required. However, as shown in Sec. 3.5.3, changes to the initial gas temperature that
are small enough that they might be considered numerical error have the same effect
on the time and distance to detonation as changes in grid resolution. This inherent
stochasticity in turbulent flame development and DDT makes achieving truly, quan-
titatively converged solutions extremely challenging. Experiments are subject to the
same challenges, as discussed in [18], where for the same experimental facility and
conditions, the DDT location is observed to be variable due to minute differences
in wall or gas temperature between runs, imperfections in the channel walls, etc.,
that are beyond the experimentalist’s capabilities to control. Despite the inherent
variability in quantitative results, resolution studies such as the one described here

provide confidence in the qualitative convergence of the physics of interest.

3.8.2 Domain Geometry

A concern with simulation of detonation and DDT in thin channels is that the size
of the computational domain may constrain or influence the solution if it is small
relative to the chemical length scale of the fuel-oxidizer mixture. Since the channel
considered in this work is only 0.32 cm in height, small relative to full-size detonation
engines, some additional discussion on this subject is useful. There will inherently
be interactions between the geometry and the flow that affect the solution, as has
been shown here with varying blockage ratios. Regardless, it must be ensured that
the domain size is sufficient to resolve all of the chemical scales of interest and is
not limiting the detonation formation or propagation. A chemical length scale metric
that can be used as a gauge for determining required domain size is the detonation
cell height, A, which is primarily a function of the chemical composition of the fuel-
oxidizer mixture [52]. A detailed discussion of detonation cell structure can be found

in previous work [53].
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Fig. 31. Temperature and numerical schlieren contours showing a detonation wave
propagating from left to right in the br = 0.1 simulation at 0.288 ms. Domain is x =
[10.9,12.3] cm and y =[0,0.32] cm.

Detonation cell height is a preferred metric for sizing a computational domain
in DDT simulations because the formation of detonation cells indicates that a deto-
nation wave has reached a relatively steady-state solution. If many detonation cells
are visible in the domain, it indicates that the domain is sufficiently sized and the
grid is sufficiently resolved to accurately compute a detonation. Figure 31 shows a
detonation wave propagating through the channel for br = 0.1 (same simulation as
shown in Fig. 15). There are approximately 50 detonation cells spanning the channel
height. This demonstrates that a 0.32 ¢cm channel height is more than sufficient for
resolving the chemical length scales required to accurately simulate DDT for a stoi-
chiometric ethylene-oxygen mixture and the detonation’s propagation is unhindered
by the channel geometry. As discussed in Sec. 3.3, calculated cell heights of 0.1 mm

were consistent with reported experimental results.
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4 Flame Instability and Transition to Detonation

in Supersonic Reactive Flows

Gabriel B. Goodwin, Elaine S. Oran

The problem examined in this paper uses the same channel height and fuel-oxidizer
mixture as in Chaps. 2 and 3, but rather than igniting an initially laminar flame in a
static flow, the mixture flows through an unobstructed channel at supersonic speeds.

The purpose of this paper is to answer the following questions:

e Will the fuel-oxidizer mixture autoignite when flowing through a channel with-
out obstacles at supersonic velocities? If so, does the flame remain stable or

does it become turbulent?

e Will detonations occur and, if so, by what mechanism?

Two simulations are discussed, one in which the mixture fails to ignite and another in
which the mixture ignites in the boundary layer. Flame evolution, instability, and det-
onations mechanism for this system are investigated in order to expand fundamental

understanding of the behavior of supersonic premixed flames.

Abstract

Multidimensional numerical simulations of a homogeneous, chemically reactive gas
were used to study ignition, flame stability, and deflagration-to-detonation transi-
tion (DDT) in a supersonic combustor. The configuration studied was a rectangular
channel with a supersonic inflow of stoichiometric ethylene-oxygen and a transimis-
sive outflow boundary. The calculation is initialized with a velocity in the compu-
tational domain equal to that of the inflow, which is held constant for the duration

of the calculation. The compressible reactive Navier-Stokes equations were solved by
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a high-order numerical algorithm on an adapting mesh. This paper describes two
calculations, one with a Mach 3 inflow and one with Mach 5.25. In the Mach 3 case,
the fuel-oxidizer mixture does not ignite and the flow reaches a steady-state oblique
shock train structure. In the Mach 5.25 case, ignition occurs in the boundary lay-
ers and the flame front becomes unstable due to a Rayleigh-Taylor instability at the
interface between the burned and unburned gas. Growth of the reaction front and
expansion of the burned gas compress and preheat the unburned gas. DDT occurs in
several locations, initiating both at the flame front and in the unburned gas, due to an
energy-focusing mechanism. The growth of the flame instability that leads to DDT is
analyzed using the Atwood number parameter. At the time this thesis was written,
this paper was under review for presentation at the 37th International Symposium
on Combustion and for publication in the Proceedings of the Combustion Institute.

Keywords: Turbulent flame; Hypersonics; DDT; Numerical simulations

4.1 Introduction

A comprehensive understanding of combustion in high-speed flows is necessary for
the development of reliable hypersonic vehicles. Airbreathing engines that operate
at high supersonic and hypersonic flight speeds will enable the next generation of
extended-range, rapid response missile systems and low-cost space access due to sig-
nificant gains in efficiency over traditional rocket engines [54, 55]. Maintaining flame
stability across a wide range of inflow conditions in the combustor of an airbreathing
hypersonic vehicle is a challenge [1, 2] due to the small timescales for mixing, ignition,
and complete combustion. The fundamental physics underlying ignition and combus-
tion in high-speed flows is complex due to the shocks, boundary layers, turbulence,
and chemical reactions present in these systems. Experimental and computational
studies exploring the interaction of these phenomena will enable the design of higher-

performance hypersonic engines.
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Combustion of premixed fuels and the influence of high-speed turbulence on flame
development has been studied computationally [5, 56, 57], finding that under certain
regimes, premixed turbulent flames are inherently unstable [6]. Detonation waves
may be used instead of a flame or deflagration as a propulsion mechanism in a hyper-
sonic engine [58, 59]. Detonation engines have been studied computationally [60-62]
and experimentally [12, 63, 64] to characterize performance and detonation wave sta-
bility under a range of conditions. Prior work has examined the mechanisms for the
deflagration-to-detonation transition (DDT) [17, 28, 39], which is required for igni-
tion of a detonation engine. Hypersonic combustor test facilities are used to study
the stabilization of detonation waves in premixed flows [65].

The purpose of this work is to characterize the effect of high supersonic and hyper-
sonic flow speeds on premixed flames and identify the conditions that lead to flame
instability and eventual DDT. As a background to this paper, a series of simula-
tions was performed to investigate the effect of varying inflow Mach number, M.,
of premixed fuel-oxidizer into a constant-area combustor on ignition, flame growth,
formation of fluid instabilities, and DDT. The detailed results of these simulations,
for Mo, = 3 to 10, will be presented in a subsequent paper. The focus of this paper is
on two of these cases, M, = 3 and 5.25. In the M., = 3 case, the temperature of the
fuel-oxidizer mixture does not reach the threshold for autoignition. No combustion
occurs and the flow reaches a steady-state repeating oblique shock structure. In the
M, = 5.25 case, autoignition occurs in the boundary layer. The flame front becomes
turbulent and unstable through shock interactions and growth of fluid instabilities.
Eventually, DDT occurs as shocks focus energy at the flame front resulting in the

transition to detonation.

56



4.2 Numerical and Physical Model

The numerical model solves the full set of Navier-Stokes equations for an unsteady,
fully compressible, chemically reacting gas, as described in [17]. The reaction of a sto-
ichiometric mixture of ethylene and oxygen is modeled using a simplified, calibrated
chemical-diffusive model of the form dY/dt = w = —ApY exp(—E,/RT) where p, T,
Y, and w are the mass density, temperature, mass fraction of reactant, and reaction
rate, respectively. A is the pre-exponential factor and F, is the activation energy.
Input parameters for a stoichiometric ethylene-oxygen mixture initially at 298 K and
1 atm, as detailed in [29], were used. A genetic algorithm optimization procedure [66]
was used to identify the input parameters that most accurately reproduce the flame
and detonation properties for the fuel-oxidizer mixture. This reaction model quan-
titatively reproduces flame acceleration, onset of turbulence, and DDT mechanisms
seen in experiments [7, 40, 67] and has recently been used to study DDT [28, 29, 68|
and layered detonations [69]. A Godunov algorithm, fifth-order accurate in space
and third-order accurate in time [19], is used to solve the equations on a dynamically
adapting grid [47]. The simulations described below used grids with minimum size
Az, = 3.3 pm and coarsest size drp. = 53.3 um. This choice of grids was tested
and shown to resolve the shocks, boundary layers, flames, and other important flow
and chemical structures.

The geometrical setup is shown in Fig. 32. A supersonic inflow condition is applied
at the left boundary. For both M, = 3 and 5.25, inflow temperature, pressure,
and mass fraction of reactant are the same (298 K, 1 atm, 1, respectively) and are
constant for the duration of the calculation. The calculation is initiated with velocity
everywhere in the domain equal to the velocity at the inflow. The right boundary
of the domain is a transmissive, non-reflecting outflow. The top and bottom walls
are no-slip adiabatic boundaries. The channel height is 0.32 cm and the length is 3.2

cm. A height of 0.32 cm was determined to be sufficient for capturing the flame and
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detonation physics of interest. The small scale flame and detonation properties of
this fuel-oxidizer mixture, such as fast reactions and energy release, make ethylene-
oxygen an ideal fuel-oxidizer mixture for studying ignition and flame development in

high-speed premixed reactive flows.

4.3 Flame Growth and Transition to Detonation

The steady-state flowfield for the M, = 3 case is shown in Fig. 32. The time required
to reach steady-state is 50 us. Boundary layers form quickly at the top and bottom
walls. The inflow is deflected by the boundary layers, forming oblique shocks that
reflect from the wall at a constant angle, a function of M., repeating to the end of
the domain. Following the first reflection, the shocks are trailed by expansion waves.
Pressure increases as the flow passes through the oblique shock train, resulting in a
10% increase in average pressure from the inflow to outflow boundaries. Boundary
layer temperature reaches a maximum of ~500 K, below the threshold for ignition of
the fuel-oxidizer mixture. No combustion occurs and the steady-state oblique shock
train remains stationary in the lab reference frame.
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Fig. 32. Steady-state solution for Mach 3 inflow. Contours of (top) temperature
(middle) numerical schlieren and (bottom) pressure.

Figure 33 shows temperature contours for the M, = 5.25 case. At 14 us the

fuel-oxidizer mixture ignites in the boundary layer. The initial ignition location is
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marked in Fig. 33 at 14.86 ps. The mixture ignites where the first oblique shock
reflects from the channel wall. After ignition, the boundary layers are comprised
of burned product that expands into the domain and upstream toward the inflow
boundary. An oblique shock train, similar to what is observed for M., = 3, forms
in the channel of unburned gas between the reaction fronts. The interaction of the
shocks with the reaction front results in perturbations to the flame that grow in time
due to a Rayleigh-Taylor (RT) fluid instability (detailed in Sec. 4.4). Bubble and
spike structures [70] form on the flame surface (labeled RT at 70.33 us in Fig. 33). As
time progresses, the burned gas expands and the reaction fronts extend further into
the channel and closer to the inflow boundary. Intersection of oblique shocks with
the flame front creates regions of high temperature and pressure that promote rapid
flame expansion at several constriction points (labeled at 91 us).

Temperature and pressure of the unburned gas increase dramatically as it flows
through the constricted regions between reaction fronts. Eventually, a detonation is
initiated (labeled D1 in Fig. 33) as a shock passes through the flame front and causes
it to transition to a detonation front. The detonation front propagates upstream,
consuming the unburned gas flowing between the flame fronts. A subsequent series
of detonations is initiated (labeled D2 in Fig. 33) through the same mechanism as
D1. The sequence in Fig. 34 is an enlargement of the events leading to D2. Shocks
generated by D1 (labeled S1 and S2 in Fig. 34) travel upstream (toward the inflow
boundary) ahead of D1 and pass through the flame fronts at D2. The shock amplifies
energy release at the flame front, causing it to transition to detonation. The flame
transitions to detonation through this mechanism in three locations (labeled D2A,
D2B, and D2C in Fig. 34). Transition of a premixed flame to detonation as a result
of energy addition of a passing shock has been observed in previous work [29].

Following the series of detonations at D2, the detonation front formed by D2C

travels upstream toward the inflow boundary. Another series of detonations (labeled
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Constriction

5500

Fig. 33. Boundary layer ignition and expansion, growth of Rayleigh-Taylor instabili-
ties (labeled RT'), and detonation for Mach 5.25 inflow. Time in microseconds shown
in frame lower left corners. Entire domain shown.

D3 in Fig. 33) occurs 5 us following D2. The mechanism for D3 is the same as
that of D2. Shocks generated by D2 pass through the reaction fronts near the inflow
boundary and cause the flame to transition to detonation. Immediately following
initiation of D3, a final series of detonations (labeled D4 in Fig. 33) is initiated in the
unburned gas between the flame fronts. In D4, the unburned gas is compressed and

heated by shocks generated by D2. As a result, the unburned gas detonates through
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an energy focusing mechanism [28, 29| similar to the mechanism for D1-D3, but in

D4 the detonation initiates in unburned gas rather than at a flame front.

99.52 99.67

Unburned T [K]

Burned T [K]

5500

Fig. 34. Unstable flame front, shock collision, and detonation. Time in microseconds
shown in frame corners. Domain is x = [1.85,2.10] cm and y = [0.075,0.225] cm.

Figure 35(a-c) shows profiles of Mach number, density, and pressure at a vertical
slice across the channel height at x = 1.6 cm for five timesteps labeled t; —t5 correlating
to 27.32, 49.01, 83.8, 100.1, and 106.7 us, respectively. These timesteps are shown
and labeled in Fig. 33. The slice location at x = 1.6 cm is labeled z5 in Fig. 36.
Figure 35d shows pressure at a horizontal slice across the channel length at y = 0.16
cm for the same timesteps.

Mach number is greater in the unburned gas than in the burned gas due to the
significantly lower temperature and speed of sound. The flow in the burned gas is
predominantly subsonic due to the higher speed of sound in this region. Density
follows a similar trend. There is a sharp gradient across the flame; density in the
burned gas is nearly an order of magnitude lower than density in the unburned gas.
Pressure fluctuates in the burned and unburned gas as oblique shocks and expansion
waves pass through slice x,. Pressure increases to > 1 MPa at t; after detonation
D2 passes through z,. Figure 35(d) shows spikes in pressure through the oblique
shock train followed by the pressure drops through the trailing expansion waves. The

pressure spikes move closer to the inflow boundary at z/H = 0 as time progresses.
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Fig. 35. (a) Mach number (b) density (c) pressure across vertical slice through domain
at x = 1.6 cm. (d) Pressure across horizontal slice at y = 0.16 cm. Plots (a-c) share
common X-axis.
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4.4 Stability Analysis

For the M., = 5.25 case, the flame front becomes increasingly unstable and turbulent
with time. Figure 36 shows a numerical schlieren for the M., = 5.25 calculation. At
27.32 ps, the fuel-oxidizer mixture has already ignited in the boundary layers and the
flame fronts begin to expand into the center of the channel. An oblique shock train
forms in the unburned gas. The oblique shocks pass through the burned gas and reflect
from the channel walls generating bifurcated waves, or A-shocks (labeled at 49.01 us).
These bifurcated waves remain anchored to the points at which the oblique shocks
and flame front intersect. Ripples form on the flame surface at these locations. These
ripples grow time due to a RT instability at the flame front. The RT instability forms
at an interface between two fluids of different densities when the light fluid pushes the
heavy fluid [8]. In this case, the low-density burned gas compresses the high-density
unburned gas as the reaction front expands into the channel. The height of the ripples
increases with time, forming bubble and spike structures (labeled RT in Figs. 33 and
36) typical to the RT instability [70]. Bubbles of low-density burned gas push into
the high-density unburned gas and spikes of unburned gas form between the bubbles.
At 83.8 us, the bubbles have extended far into the center of the channel and nearly
the entire channel cross section consists of burned gas. At 91 us, compression of
the unburned gas in the center of the channel increases its temperature to ~750 K.
Transition to detonation occurs shortly thereafter at D1 as described in Sec. 4.3.
One of the key parameters used to characterize the growth rate of a RT instability
is the Atwood number, At = (pg—pr)/(pa+pL), where py is the density of the heavy
fluid and py, is the density of the light fluid. Bubble and spike structures are likely
to develop at the fluid interface for flows with At ~ 1 when the light fluid pushes the
heavy fluid [70]. If At ~ 0, a pattern of interpenetrating bubbles of heavy and light
fluid is more likely to develop. Figure 37 shows At at three vertical slices through the

domain (labeled x;, xs, and x5 in Fig. 36) for the five timesteps shown in Fig. 36. The
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Fig. 36. Numerical schlieren for Mach 5.25 inflow. Time in microseconds shown in
frame corners. Entire domain shown.

Atwood number was calculated by taking the average unburned gas density across the
slice as py and the average burned gas density as p;. The bubbles reach a maximum
amplitude at x3, where the lowest At is observed. Amplitude of the bubbles increases
drastically from 27.32 ps to 91 us, as shown in Fig. 36. Additionally, amplitude
of the bubbles increases from the inflow to outflow indicating that the flame front
becomes more unstable as distance downstream from the point of ignition increases.
Structure develops on the spikes due to a Kelvin-Helmholtz instability, or gradient
in velocity across the fluid interface, causing the spikes to deform and mushroom
[70, 71]. This spike distortion effect is more pronounced at low At [70], particularly
for compressible flows [72], and is most noticeable near z3 at later timesteps where
the lowest At is measured in this study. As seen in the evolution of the flame surface,
the RT instability dominates the development of the reaction fronts and causes the
formation of bubble-spike structure that compresses and preheats the unburned gas

creating ideal conditions for a detonation to occur.
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Fig. 37. Atwood number as a function of time at three vertical slices through domain.

4.5 Solution Sensitivity and Dimensionality

An additional simulation was performed for the M., = 5.25 case with a coarser mesh
resolution (dzy;, = 13.3 wm) to investigate the effect of initial conditions on time and
location of detonation, flame growth, fluid instabilities, and detonation mechanism.
Time and location of the first detonation changed by 10 us and 0.1 cm, respectively,
when compared to the original simulation. Another simulation was performed using
a shorter domain in the x direction (2.56 cm) with the same mesh resolution as in
the original M., = 5.25 simulation. The first detonation occurs in the same location
as detonation D2 in the original simulation with a difference in time to detonation of
9 ps. For the shorter domain case, the D1 location in the original simulation would
have been outside of the computational domain. In all cases, the same macroscopic
flow features are observed: ignition of the fuel-oxidizer mixture in the boundary layer,
growth of a RT instability at the flame front, and detonation of the unburned gas due
to an energy-focusing mechanism after significant compression and preheating. Other
than small deviations in time and location of detonation, the solution is insensitive to
domain size or grid resolution. A three-dimensional (3D) simulation was performed
to examine the effect of dimensionality on the growth of the flame instability and
detonation. The results match what is seen in the 2D M., = 5.25 case with respect to

flame evolution and detonation mechanism. A detailed analysis of the 3D simulation
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will be provided in a subsequent paper.

4.6 Conclusions

Multidimensional, unsteady numerical simulations of premixed ethylene and oxygen
in a supersonic combustor were performed to characterize the effect of flow velocity
on ignition, flame expansion and instability, and transition to detonation. This paper
examined two cases, M, = 3 and 5.25.

For M., = 3, the fuel-oxidizer mixture does not reach sufficient temperature for
ignition and no combustion occurs. In the case with M, = 5.25, the temperature
in the boundary layers at the channel walls is sufficient for ignition. The flames in
the boundary layers expand and an oblique shock train forms between the reaction
fronts. Interaction of the shock and the reaction front results in perturbations that
are initially small ripples in the flame. These ripples grow in time due to a Rayleigh-
Taylor fluid instability to form bubble and spike structures along the flame front as
low-density burned gas compresses high-density unburned gas. Compression of the
unburned gas increases its temperature and the fuel-oxidizer mixture detonates when
a shock passes through the flame front through an energy-focusing mechanism. This
detonation mechanism is consistent with previous work examining DDT in stoichio-
metric ethylene-oxygen mixtures [28, 29].

Additional simulations were performed to investigate the sensitivity of the solu-
tion to initial conditions. Modifying the domain size and mesh resolution resulted
in small changes to the time and location of initial detonation, but ignition in the
boundary layer, growth of a Rayleigh-Taylor instability at the flame front, and deto-
nation through an energy-focusing mechanism were observed in all cases. Future work
will catalog the effect of inflow Mach number and fuel-oxidizer mixture composition
on time to ignition, flow structure, suppression of fluid instabilities, and transition to

detonation.
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5 Premixed Flame Stability and Transition to Det-

onation in a Supersonic Combustor

Gabriel B. Goodwin, Elaine S. Oran

This paper expands upon Chap. 4 by using the same geometry for a series of sim-
ulations with varying inflow speeds, from Mach 3 to 10, in order to investigate the

following;:

e Will the fuel-oxidizer mixture autoignite when flowing through a channel with-
out obstacles at supersonic velocities? If so, does the flame remain stable or does

it become turbulent? Will detonations occur and, if so, by what mechanism?

e What is the effect of Mach number on ignition, flame stability, and detonation

initiation of the mixture flowing at supersonic speeds?

e How do fluid instabilities contribute to turbulence in the flame and detonation

initiation?

Several simulations from the series are discussed, specifically addressing how the evo-
lution of instability in the flame and transition to detonation is affected by the speed
of the supersonic inflow. Detonations are initiated through the same energy-focusing
mechanism discussed in prior chapters, though the manner in which the flames and
shocks create the conditions for detonations to occur is considerably different. At
the time this thesis was written, this paper was being prepared for submission to the

Journal of Combustion and Flame.

Abstract

Inflow Mach number, M., was varied in a supersonic combustor to investigate the

effect of flow speed on ignition, flame stability, and transition to detonation of a pre-
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mixed flame. The configuration studied was a rectangular channel with a supersonic
inflow of stoichiometric ethylene-oxygen, a transmissive outflow boundary, and no-
slip adiabatic walls. The compressible reactive Navier-Stokes equations were solved
by a high-order numerical algorithm on an adapting mesh. Inflow Mach numbers
of 3 to 10 were studied. For M., = 3, the fuel-oxidizer mixture does not reach a
sufficient temperature for autoignition. The incoming flow is deflected by boundary
layers on the top and bottom walls resulting in the formation of a repeating oblique
shock train. When M, is increased to 5 or greater, the fuel-oxidizer mixture ignites
in the boundary layers and the flame front expands into the channel. A shock-flame
interaction causes a initial perturbation to the flame front that grows in time due to
a Rayleigh-Taylor (RT) instability at the interface between the low-density burned
gas and high-density unburned gas. Bubble and spike structure, characteristic of RT
unstable interfaces with Atwood numbers less than 1, forms along the flame front.
The unburned gas flowing between the flame fronts is compressed and preheated by
the expanding flame and bubbles of burned gas. Detonation is initiated in several
locations at the flame front and in the unburned gas through an energy-focusing
mechanism. As M, increases, the timescales for growth of the RT instability at the
flame front and eventual detonation increase significantly. Despite the difference in
timescales, the flame evolution process is, qualitatively, independent of M., : ignition
in the boundary layer, laminar flame expansion, growth of an RT instability at the
flame front, turbulent flame expansion, and deflagration-to-detonation transition.

Keywords: Flame stability; Turbulence; DDT; Numerical simulations; Hypersonics

5.1 Introduction

A comprehensive understanding of combustion in high-speed flows is required for
the development of robust hypersonic vehicles. Airbreathing engines that operate

at high supersonic and hypersonic flight speeds will enable more economical space
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access and the next generation of extended-range, rapid response missile systems due
to significant gains in efficiency over traditional rocket engines [54, 55|. Achieving
flame stability across a wide range of inflow conditions in the engine of an airbreath-
ing hypersonic vehicle is a challenge [1, 2] due to the small timescales for mixing,
ignition, and complete combustion. The fundamental physics underlying ignition and
combustion in high-speed flows is complex due to the chemical reactions, shocks,
boundary layers, and turbulence present in these systems. Computational and exper-
imental studies exploring the interaction of these phenomena will enable the design
of higher-performing and more reliable hypersonic engines.

Combustion of premixed fuels and the effect of high-speed turbulence on flame
development has been studied computationally [5, 56, 57], finding that under certain
regimes, premixed flames are inherently unstable [6]. Detonation waves can be used
instead of a flame or deflagration as a propulsion mechanism in a hypersonic engine
[58, 59, 73]. Detonation engines have been studied experimentally [12, 63, 64] and
computationally [60-62, 74] to characterize performance and detonation wave stabil-
ity under a range of conditions. Prior work has examined the mechanisms for the
deflagration-to-detonation transition (DDT) [17, 28, 39|, which is required for igni-
tion in rotating and pulse-detonation engines. Hypersonic combustor test facilities
are used to study the stabilization of detonation waves in high-speed premixed flows
(65, 75].

The purpose of this work is to characterize the effect of high supersonic and hyper-
sonic flow speeds on premixed flames and identify the conditions that lead to flame
instability and DDT. This paper presents a series of simulations performed to inves-
tigate the effect of varying inflow Mach number, M, of an initially homogeneous
fuel-oxidizer mixture into a constant-area combustor on ignition, flame growth, for-
mation of fluid instabilities, and DDT. M., = 3 to 10 are considered here. In the

case of M,, = 3, the temperature of the fuel-oxidizer mixture does not reach the
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threshold for autoignition. No combustion occurs and the flow reaches a steady-state
repeating oblique shock structure. For M., > 5, the fuel-oxidizer mixture ignites in
the boundary layer and a flame front forms along the combustor walls. The flame
front becomes turbulent and unstable through flame-shock interactions and growth
of a Rayleigh-Taylor (RT) fluid instability along the flame surface. Eventually, DDT
occurs as shocks focus energy at the flame front resulting in the transition to det-
onation. As M, increases, the flame remains stable longer and time to detonation
increases. Detonation is observed to initiate at the flame front as well as in a volume

of unburned gas through an energy-focusing mechanism.

5.2 Background

Experimental and computational study of the fundamental physics underlying com-
bustion, flame stability and acceleration, turbulence, and DDT has been substantial
due to the need to understand these phenomena and their complex interactions as
they are present in many physical systems, from aircraft engines to supernovae. Re-
cent emphasis on achieving economical and reliable hypersonic flight for defense and
space access applications has directed significant research effort into these subjects.
A brief overview of some of the previous work in these areas is provided here to
contextualize the work discussed in this paper.

Turbulence plays a key role in flame instability and, as such, turbulence-flame in-
teractions are one of the most intensively studied phenomenon in combustion. Polud-
nenko et al. studied the dynamics of unconfined premixed flames in the presence of
homogeneous, isotropic high-speed subsonic turbulence [5], where high-speed refers
to turbulent velocities greater than the mixture’s laminar flame speed. When the
time-averaged internal structure of the many convolved flamelets comprising the tur-
bulent flame was examined, it was discovered to be very close to that of the planar

laminar flame, however, there was significant broadening of the preheat zone. The
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effect of turbulence at scales smaller than the laminar flame thickness was found to
be limited to progressively finer wrinkling of the flame surface, on the fuel side of the
flame, as the turbulent energy cascade failed to penetrate the internal structure of the
flame. It was determined that the evolution of the turbulent flame was completely
determined by fluid motions at or greater than the laminar flame speed. In following
work [57], frequent flame collisions in the presence of high-speed turbulence led to
the formation of highly curved flame cusps, which was identified as a crucial process
in turbulent flame evolution. Turbulence also resulted in unstable burning, which
created pressure build-up around the flame and the formation of shocks [6]. Coupling
of pressure gradients with density gradients across the flame led to amplification of
turbulence within the flame, flame acceleration, and, in some cases, detonations.

The response of premixed flames to oscillatory pressure waves was investigated
by Teerling et al. [76]. They determined that pressure waves magnify wrinkling in
the flame surface due to a RT instability, which increases the overall burning rate
of the flame. The effect of pressure waves on premixed flame stability in channels
was studied by Xiao et al. [77]. The acoustic properties of the channels into which
the premixed flames propagated played an important role in the formation of the
pressure waves that affected flame evolution. They observed that the wrinkling and
perturbations to the flame shape were due to the growth of a RT instability at the
flame surface. The interaction of pressure waves with curved flame fronts was found to
have a destabilizing effect that triggered the RT instability, resulting in deformation
of a smooth, laminar flame to a distorted tulip flame [7].

In supersonic flow, shocks generated by deflection of the flow or by flame expan-
sion have a significant effect on flame evolution. Shock-flame interactions were studied
experimentally by Thomas et al. [78]. They found that perturbation of an initially
laminar flame by shocks induced turbulence in the flame causing it to accelerate and

often couple closely to the shock. If the shock increased local gas pressure and temper-
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ature sufficiently, transition to detonation occurred in the immediate vicinity of the
reaction front. Similar results were observed computationally [79] in the collisions of
shocks and expanding flame fronts. The shock-flame interaction, primarily through
the Richtmyer-Meshkov fluid instability, created a highly turbulent flame brush as
funnels of unburned gas propagated into the burned gas. Repeated shock-flame inter-
actions, and coalescence of shocks in the unburned gas, resulted in the development of
high-speed shocks that moved in and out of the turbulent flame, creating conditions
under which DDT might occur. Interaction of the flame with strong shocks also gen-
erated high levels of vorticity in the flame brush, which can lead to direct initiation
of a detonation [9].

The process for flame acceleration and the mechanism of DDT in smooth and ob-
structed channels has been studied experimentally; much of this work is summarized
by Ciccarelli et al. in their review paper [80]. Acceleration of the flame compresses,
heats, and induces turbulence in the unburned reactants and creates the ideal con-
ditions for the initiation of a detonation. Detonation initiation has been observed to
occur through a variety of processes, such as through shock focusing, instabilities near
the flame front, flame interactions with pressure waves, or pressure and temperature
fluctuations in the boundary layer. Numerical simulations have also been used to
investigate the mechanisms for DDT [17]. Shock-flame interactions were once again
found to be important in creating the conditions in which DDT can occur. As shocks
passed through turbulent flames, the shock strength was enhanced and the shock-
flame collision drove the turbulence in the flame. The intense pressure fluctuations
caused by passing shocks in the region of the turbulent flame brush created hot spots,
or localized ignition centers, in the unburned gas. The hot spot produced a detona-
tion through an ignition-gradient mechanism [14, 15] if the gradient of reactivity was
sufficient to support propagation of the spontaneous reaction wave. If the gradient

could not support the propagation of a detonation wave, a decoupled shock and flame
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front would form. Gamezo et al. observed DDT through the ignition-gradient mech-
anism in obstructed channels when the reflection of Mach stems against obstacles
ignited hot spots that transitioned to spontaneous waves and detonations [18].

More recent computations have shown that, when the blockage ratio in an ob-
structed channel is reduced, detonations primarily occur through an energy-focusing
mechanism [51]. The collision of shocks deposited significant energy into the turbulent
unburned gas at a timescale smaller than the acoustic timescale of the gas, resulting
in the direct initiation of a detonation. The passage of a strong shock through a
turbulent flame was also observed to increase energy release at the flame front and, in
some cases, cause it to transition to a detonation. When the channel is unobstructed,
the detonation initiates in the boundary layer of unburned gas formed against the
wall, between the leading shock and the expanding flame [68]. Preheating by the
leading shock and viscous dissipation in the boundary layer ignited the unburned
gas, producing a spontaneous wave that transitioned to detonation. Regardless of
blockage ratio or channel geometry, flame stability and the processes of flame growth
and detonation initiation are primarily dependent upon the complex interactions be-
tween the flame, shocks, boundary layers, and turbulence. This paper explores the
interplay between these phenomena in the context of high-Mach flow of a fuel-oxidizer

mixture through an unobstructed combustor of uniform cross-sectional area.

5.3 Numerical and Physical Model

The numerical model solves the full set of Navier-Stokes equations for an unsteady,

fully compressible, chemically reacting gas,

ap B
S +V - (pU) =0 (11)
a(gtU) +V-(pUU)+ VP =V-# (12)
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where p is the mass density, U is the velocity, E is the energy density, P is the
pressure, 1" is the temperature, Y is the mass fraction of reactant, w is the reaction
rate, ¢ is the total chemical energy release, K is the thermal conduction coefficient,
D is the mass diffusion coefficient, R is the universal gas constant, and M is the
molecular weight. The reaction of a stoichiometric mixture of ethylene and oxygen is

modeled using a simplified, calibrated chemical-diffusive model,

dY/dt = w = —ApY exp(—E,/RT) (16)

where A is the pre-exponential factor and F, is the activation energy. The effects of

viscosity, diffusion, and heat conduction are dependent upon temperature and density,

V:VO—,D:DO—,— = Rop—, (17)
P

where vy, Dy, and kg are constants, C,, = yR/M (7 —1) is the specific heat at constant
pressure, and n = 0.7 emulates the typical temperature dependence for the system.
To solve Eqns. (11)—(17), the input parameters shown in Table 3 were chosen to
reproduce the flame and detonation properties for a stoichiometric ethylene-oxygen
mixture initially at 298 K and 1 atm. A genetic algorithm optimization procedure
was used to identify the input parameters that most accurately reproduce the flame
and detonation properties, calculated using detailed chemistry, for the fuel-oxidizer
mixture [66]. This reaction model quantitatively reproduces flame acceleration, onset
of turbulence, and DDT mechanisms seen in experiments [7, 40, 67] and has recently

been used to study DDT [28, 29, 68] and layered detonations [69].
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Table 3. Input model parameters and output combustion wave properties for stoi-
chiometric ethylene and oxygen initially at 1 atm and 298 K.

Input
P, 1 atm Initial Pressure
Ty 298 K Initial Temperature
Po 1.27 x 1073 g/cm? Initial Density
0 1.2195 Adiabatic Index
M 31 g/mol Molecular Weight
A 1.05 x 10'? cm?®/(g s) Pre-Exponential Factor
E, 39.2RT, Activation Energy
q 59.7RT,/M Chemical Energy Release
Vo 7.0 x 107% g/s-cm-K°7 Viscosity
Ko = D, 1.0 x 107° g/s-cm-K°7 Transport Constants
Output
ST, 413 cm/s Laminar Flame Speed
T 11.7T, Post-Flame Temperature
Ob 0.085p, Post-Flame Density
T 8.88 x 1073 cm Laminar Flame Thickness
Dcj 2.20 x 10° cm/s CJ Detonation Velocity
P;np 54.5P, Post-Shock Pressure
Po; 27.8P, Pressure at CJ Point
TyND 671, Post-Shock Temperature
Tcy 15.5T, Temperature at CJ Point
PZND 9.8p0 Post-Shock Density
pPCy 200 Density at CJ Point
Zq 3.2 x 107* cm Half-Reaction Thickness
A ~0.02 cm Detonation Cell Size

A Godunov algorithm, fifth-order accurate in space and third-order accurate in

time [19], is used to solve the equations on a dynamically adapting grid [47]. The sim-

ulations described below used grids with minimum size dxy;, = 3.3 um and coarsest

size dTpax = 53.3 pum, unless otherwise stated. This choice of grids was tested and

shown to resolve the shocks, boundary layers, flames, and other important flow and

chemical structures. Grid resolution is discussed in detail in Secs. 5.4.1 and 5.5.3.

The geometrical setup is shown in Fig. 38. A supersonic inflow condition is applied

at the left boundary. For all M., cases, inflow temperature, pressure, and mass

fraction of reactant are the same (298 K, 1 atm, 1, respectively) and are constant for
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the duration of the calculation. The calculation is initiated with velocity everywhere
in the domain equal to the velocity at the inflow. The right boundary of the domain is
a transmissive, non-reflecting outflow. The top and bottom walls are no-slip adiabatic
boundaries. The channel height is 0.32 ¢cm and the length is 3.2 cm. A height of
0.32 cm, also used in prior work [28, 29] investigating flame acceleration and DDT
mechanisms using ethylene-oxygen, was determined to be sufficient for capturing
the flame and detonation physics of interest. The small scale flame and detonation
properties of this fuel-oxidizer mixture, such as fast reactions and energy release,
make ethylene-oxygen an ideal fuel-oxidizer mixture for studying ignition and flame

evolution in high-speed premixed reactive flows.

5.4 Results

5.4.1 Mach 3 Inflow

Unburned T [K] 400

Boundary Layer Heating

Pressure [kPa] U0 1112 12§

Fig. 38. Steady-state solution for Mach 3 inflow. Contours of (top) temperature
(middle) numerical schlieren and (bottom) pressure.

The steady-state flowfield for the M., = 3 case is shown in Fig. 38. The time
required to reach steady-state is 50 ps. Boundary layers form quickly at the top
and bottom walls. The inflow is deflected by the boundary layers, forming oblique
shocks that reflect from the wall at a constant angle, a function of M., repeating

to the end of the domain. Following the first reflection, the shocks are trailed by
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Fig. 39. (a) Numerical schlieren for M, = 3 showing the leading oblique shock
formed by deflection of the inflow by the boundary layer and (b) the same image as
in (a) overlaid with the computational grid showing refinement across the shock and
through the boundary layer.

expansion waves. Pressure increases as the flow passes through the oblique shock
train, resulting in a 10% increase in average pressure from the inflow to outflow
boundaries. Boundary layer temperature reaches a maximum of ~550 K, below the
threshold for ignition of the fuel-oxidizer mixture. No combustion occurs and the
steady-state oblique shock train remains stationary. Figure 39(a) shows the leading
shock and the boundary layer near the inflow boundary and Fig. 39(b) shows the
same image with the computational mesh overlaid. The adaptive meshing provides
increased resolution across the shock and in the boundary layer. Dimensionless wall
distance, y+ = u.y/v, is often used to characterize the near-wall mesh resolution,
where u, is the friction velocity at the wall, y is the distance to the wall, and v is the
local kinematic viscosity. In the M., = 3 case, a y+ < 3 is achieved throughout the

boundary layer.
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Fig. 40. Boundary layer ignition, flame expansion, growth of Rayleigh-Taylor insta-
bilities (labeled RT), and detonation for M., = 5.25. Time in us shown in frame
lower left corners.

5.4.2 Mach 5.25 Inflow

Figure 40 shows temperature contours for the M., = 5.25 case. At 14 us the fuel-
oxidizer mixture ignites in the boundary layer. The initial ignition location is marked
in Fig. 40 at 14.86 ps. The mixture ignites where the first oblique shock reflects
from the channel wall. After ignition, the boundary layers are comprised of burned

product that expands into the channel and upstream toward the inflow boundary. An
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oblique shock train, similar to what is observed for M., = 3, forms in the channel of
unburned gas between the flame fronts.

Ripples form on the flame surface as it expands into the channel. These ripples
grow in time due to a RT instability at the flame front (discussed in greater detail in
Sec. 5.5.2). The RT instability forms at an interface between two fluids of different
densities when the light fluid pushes the heavy fluid [8]. In this case, the low-density
burned gas compresses the high-density unburned gas as the reaction front expands
into the channel. The height of the ripples increases with time, forming bubble and
spike structures (labeled RT in Figs. 40) typical to the RT instability [70]. Bubbles
of low-density burned gas push into the high-density unburned gas and spikes of
unburned gas form between the bubbles. At 83.8 us, the bubbles have extended far
into the center of the channel and nearly the entire channel cross section consists of
burned gas. At 91 us, compression of the unburned gas in the center of the channel
increases its temperature to ~750 K. The compression is most pronounced at several
constriction points (labeled at 91 us) that form at the locations where the oblique
shocks and the flame front intersect.

Eventually, a detonation is initiated (labeled D1 in Fig. 40) when a shock passes
through the flame front and causes it to transition to a detonation front. The deto-
nation front propagates upstream, consuming the unburned gas flowing between the
flame fronts. A subsequent series of detonations is initiated (labeled D2 in Fig. 40)
through the same mechanism as D1. The sequence in Fig. 41 is an enlargement of the
events leading to D2. Shocks generated by D1 (labeled S1 and S2 in Fig. 41) travel
upstream (toward the inflow boundary) ahead of D1 and pass through the flame fronts
at D2. The shock amplifies energy release at the flame front, causing it to transition
to detonation. The flame transitions to detonation through this mechanism in three
locations (labeled D2A, D2B, and D2C in Fig. 41) nearly simultaneously. Transition

of a premixed flame to detonation as a result of the energy addition of a passing shock
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Unburned T [K]

Burned T [K]

Fig. 41. Unstable flame front, shock collision, and detonation D2. Temperature and
numerical schlieren shown for each time step. Time in ps shown in frame corners.

Domain is x = [1.85,2.10] cm and y = [0.075,0.225] cm.

has been observed in previous work [29].

Following the series of detonations at D2, the detonation front formed by D2C
travels upstream toward the inflow boundary. Shocks generated by D2 coalesce with
shocks S1 and S2 to form stronger shocks, S3 and S4. Another series of detonations
(labeled D3 in Fig. 40) occurs 5 pus following D2. An enlargement of D3 is shown
in Fig. 42. The mechanism for D3 is the same as that of D2. Shocks S3 and 5S4,
generated by D1 and D2, pass through the reaction fronts near the inflow boundary
and cause the flame to transition to detonation in several locations, labeled D3A-D3C
in Fig. 42. Detonation cell structure forms immediately after initiation of D3A-C and
the detonation waves quickly consume the unburned reactant entering the domain

through the inflow boundary.
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Fig. 42. Initiation of detonation D3 near inflow boundary following passage of shocks
through flame front. Temperature and numerical schlieren shown for each time step.
Time in ps shown in frame corners. Domain is x = [0,0.4] cm and y = [0,0.32] cm.

Following detonation D3, a final series of detonations (labeled D4 in Fig. 40) is
initiated in the unburned gas between the flame fronts. An enlargement of D4 is
shown in Fig. 43. The unburned gas is compressed and heated as it flows through
a constriction point between the flame fronts where D4 will occur. Shocks S3 and
S4 pass through the flame fronts and collide in the preheated unburned gas. As
S3 and S4 collide, the unburned gas ignites and detonations are initiated in several
locations simultaneously, labeled D4A-D4C in Fig. 43. The collision of S3 and S4
deposits sufficient energy into the compressed and preheated unburned gas to cause
it to detonate, similar to the detonation initiation following shock collision observed

in obstacle-laden channels with low blockage ratios [28, 29]. This energy focusing det-
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Unburned T [K]

Burned T [K]

Fig. 43. Shock collision and initiation of detonation D4 in the unburned gas between
flame fronts. Temperature and numerical schlieren shown for each time step. Time
in ps shown in frame corners. Domain is x = [0.45,0.60] cm and y = [0.1,0.2] cm.

onation mechanism is similar to what is observed for D1-D3, but in D4 the detonation
initiates in unburned gas rather than at a flame front.

Figure 44(a) shows the trend of flame surface length as a function of time for
the M., = 5.25 case. The flame surface is defined as the isosurface where Y = 0.5.
Following ignition at 14 us, the flame surface grows rapidly, extending downstream
from the point of ignition to the outflow boundary along both walls. Increase in
flame surface length is gradual during the laminar flame expansion portion of the
flame growth, from 15 — 60 us. Once the bubble and spike structure is observed on
the flame front due to growth of the RT instability, the flame surface length begins to
increase much more rapidly as bubbles of burned gas extend far into the unburned gas
flowing between reaction fronts. This period of rapid flame expansion, characterized

by increasing turbulence in the flame front, continues until the first detonation, D1,
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Fig. 44. (a) Flame surface length and (b) heat release rate per unit cm for the M,
= 5.25 case shown in Fig. 5.4.2.

occurs at 91 ps. Flame surface length then decreases steadily as the detonation waves
consume the unburned gas in the channel.

Figure 44(b) shows heat release rate in the domain by combustion, per unit cm
in the third dimension, as a function of time for M., = 5.25. Heat release is minimal
during laminar flame expansion, but it begins to rise steadily as the RT instability
becomes more dominant and turbulence in the flame increases. There is a spike in
heat release during detonation D1 of 1.5 MW /cm, followed by subsequent spikes to
3.25 MW/cm and 4.4 MW /cm during detonations D2 — D4. Following detonations

D3 and D4, heat release oscillates about a value of ~0.25 MW /cm as the detonation
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waves consume the reactant flowing into the domain.

A three-dimensional (3D) simulation was performed for M, = 5.25, shown in
Fig. 45. The domain height in the 3D case is reduced to 0.16 cm and dx,;, is increased
to 13.3 um to reduce the computational expense of the simulation. The boundary
conditions are labeled in Fig. 45. Symmetry planes are used to model a quarter
channel, with no-slip, adiabatic walls at the x-z and x-y planes. Temperature at the
walls and the Y = 0.5 isosurface are plotted as a function of time. The fuel-oxidizer
mixture ignites at 11 us in the boundary layer where the two walls meet. The flame
front propagates along the walls and ripples appear at the flame surface very shortly
after ignition, visible first at 14.19 ps. The flame front continues to propagate further
along the walls toward the inflow boundary as it also expands toward the center of the
channel. RT bubble and spike structure appears at ~20 us. The bubbles emerge very
close to the ignition point. Bubble size increases with distance from the ignition point
until the bubble passes through the constriction point, labeled at 45.12 us, where the
reaction front extends far into the channel and compresses the unburned gas. As
in the 2D case, the constriction points develop where the leading oblique shocks
intersect the flame. While passing through this point, the bubbles are flattened, then
they continue to grow once again as they propagate further downstream toward the
outflow boundary.

The flame continues to expand into the channel and compress the unburned gas
until nearly the entire cross-sectional area at the outflow consists of burned product.
Detonations D5 and D6, labeled at 55.50 us, initiate simultaneously as shocks collide
with the flame front in a region of significant compression and heating of the unburned
gas. The flame front transitions to a detonation front following the shock collision, as
it does in the 2D M., = 5.25 case. The impact of the D5 and D6 detonation waves
against the walls is visible in the wall temperature contours at 56.61 us. Two subse-

quent detonations occur, labeled D7 and D8 at 61.71 us and 64.41 us, respectively,
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Fig. 45. Three-dimensional simulation for M, = 5.25. Flame contour (Y = 0.5
isosurface) and temperature at the walls and outflow plotted as a function of time.

through the same initiation mechanism as D5 and D6. The final detonations, labeled
D9 at 66.29 us, originate at the flame front close to the inflow as shocks pass through
the flame and cause the transition to detonation, similar to detonation D3 depicted in
Fig. 42. The multidimensional turbulence in the 3D M., = 5.25 case leads to a faster
rate of flame expansion and earlier detonation than in the 2D case, but growth of
the RT instability, turbulence in the flame compressing the unburned gas, and DDT

through an energy focusing mechanism are observed in both cases.

5.4.3 Mach 8 & 10 Inflow

Additional 2D simulations were performed with M, = 5.5,5.75,6,7,8 and 10. All

inflow conditions other than velocity are the same for these simulations as those used
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Fig. 46. Evolution of flame and DDT for M., = 8. Temperature and numerical
schlieren shown for each time step. Time in us shown in frame corners.

in the M., = 3 and 5.25 cases. A domain height of 0.16 cm with a symmetry plane
at the top boundary was used for the M, = 8 and 10 cases to reduce computational
expense. Runtime for the M., = 8 and 10 simulations was greater than that required
for lower Mach inflow due to the larger timescales for flame expansion and DDT.
Figure 46 shows the M, = 8 case. The flame remains stable with no noticeable
perturbations to the flame surface until ~280 pus when bubble and spike structure
begins to emerge. The bubbles grow in amplitude as they propagate toward the

outflow boundary. Bubbles also begin to emerge farther upstream, closer to the
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ignition point, as time progresses. Compression of the unburned gas increases its
temperature to 600 K as the bubbles of burned gas expand to occupy nearly the
entire cross-sectional area of the channel, as shown at 697.7 us. A shock, labeled S5,
forms upstream of the burned gas bubbles, due to the deflection of the inflow of Mach
8 unburned gas by the expanding reaction front. Shock S5 reflects from the symmetry
plane and passes through the flame front, causing it to transition to a detonation,
labeled D10.

The D10 detonation wave begins to propagate upstream, as shown at 709.2 us.
As the flowrate of unburned gas toward the D10 detonation front increases (the cross-
sectional area of unburned gas upstream of D10 increases, visible from 709.2 to 711.2
us), the detonation front is unable to consume the reactant quickly enough to continue
to propagate upstream. Detonation D10 continues to move downstream while the
bubble and spike structure immediately upstream of D10 increases in amplitude,
resulting in compression of the unburned gas and the initiation of another detonation,
labeled D11. Almost simultaneously, detonation D12 initiates near the inflow as
shock S5 passes through the flame front and causes the transition to detonation. An

enlargement of the events leading to D12 is shown in Fig. 47.

714.4 716.0 716.2 716.3

Unburned T [K]

Burned T [K]

Fig. 47. Transition of flame front near inflow boundary to detonation D12 in M., =
8 case. Temperature and numerical schlieren shown for each time step. Time in us
shown in frame corners. Domain is x = [0,0.5] cm and y = [0,0.16] cm.

Figure 48 shows the temperature and pressure across the top boundary of the
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domain (y = 0.16 cm) for the first five time steps shown in Fig. 46. Pressure and
temperature are greatest at the constriction points, where the burned gas has ex-
panded furthest into the channel, at x = 1.5 cm and x = 3 cm. At x = 1.5 cm,
the unburned gas is compressed to 7 atm and 425 K prior to initiation of the first
detonation, D10. The unburned gas is compressed significantly more at x = 3 cm,
where detonation D10 initiates, reaching a pressure of 37 atm and temperature of 600

K just prior to detonation.
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30 Compression Prior
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Fig. 48. (a) Temperature and (b) pressure for the first five time steps of the My, = 8
case shown in Fig. 46. Values measured at a horizontal slice through the domain at
y = 0.16 cm

The M., = 10 case was performed using a domain with same dimensions as the

M, = 8 case. Contours of temperature, numerical schlieren, and pressure for the final
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Fig. 49. (top) Temperature, (middle) numerical schlieren, and (bottom) pressure for
M, = 10 case at 406.7 us.

time step calculated in the M., = 10 case are shown in Fig. 49. The calculation was
stopped at 406.7 us due to computational expense. At this time, the flame expansion
is still laminar with an occasional ripple emerging at the flame front. The flame front
expands gradually, propagating toward the upper boundary of the domain at a rate
of ~2 ecm/s. The oblique shock train, formed between the flame front and upper
boundary, is stationary. A lambda shock, labeled in Fig. 49, remains anchored to
the location where the first shock reflection and the flame intersect. Temperature in
the burned gas is considerably greater than in the lower M., cases due to the higher

near-wall velocity.

5.5 Discussion

5.5.1 Effect of Inflow Mach Number

Time from initialization of the calculation to ignition in the boundary layer, tig,, is
shown in Fig. 50 for M, = 5 — 8. Time to ignition decreases with increasing M,
and for M., > 8, the boundary layer ignites almost immediately after the calculation
begins. Rapid ignition at higher M, is due to the stagnation temperature of the
inflow, and consequently the temperature at the wall, increasing with M,. An inverse
relationship is observed with time to detonation, ¢4e;, which increases with increasing
M. Figure 49 shows tge; as a function of M,,. Fitting a quadratic function to

the calculated values of t4; allows the prediction tge for the M., = 10 case, with
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Fig. 50. Time to ignition and detonation as a function of M,,. A quadratic function
is fit to the t4e; data points and is used to predict t4e¢ for the M, = 10 case.

a predicted value of 2240 ps. The time to detonation increases with M., due to
the longer period of laminar flame expansion prior to bubble and spike structure
developing on the flame front. The expanding bubbles of burned gas compress the
unburned gas and create the ideal conditions for a detonation to occur. In the M, =
5.25 case, ripples are visible on flame surface at ~20 us. For M., = 8, no perturbations
to the flame surface are visible until ~200 ps. Despite the difference in timescales
for the flame to become unstable, the same qualitative features are observed from
M, =5 to 8: laminar flame expansion, growth of the RT instability, turbulent flame
expansion, and DDT.

Figure 51 shows density, pressure, velocity magnitude in the x-direction, and mass
fraction of reactant across the outflow boundary for the M, = 5.25 and 10 cases.
The M., = 10 plots are taken at 406.7 us, as shown in Fig. 49, and the M, = 5.25
plots are taken at 70.33 us, as shown in Fig. 40. These two time steps were chosen to
illustrate the difference in unburned and burned gas states across the channel between
a relatively stable, high-Mach case (M, = 10) and an unstable, lower-Mach case (M,
= 5.25). The M., = 10 plots were reflected about the symmetry plane at the top

boundary (y = 0.16 cm) for a more direct comparison to the M., = 5.25 case. Each
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Fig. 51. Density, pressure, and magnitude of velocity in the x-direction plotted over
mass fraction of reactant across the outflow boundary for (a) M., = 10 at 406.7 us
and (b) M. = 5.25 at 70.33 us.

plot shows p, P, and velocity magnitude in the x-direction, |V,|, plotted over Y to
illustrate the change in state across the flame, where the flame is defined as the region
over which Y changes from one (entirely reactant) to zero (entirely product). The
thinner region where Y = 1 in the M., = 5.25 case indicates greater flame expansion

for the lower Mach flow. In both cases, there is a sharp gradient in density across

92



the flame, though the difference in density between the burned and unburned gas
in the M., = 5.25 case is greater, indicating greater compression of the unburned
gas. There is also a pressure gradient across the flame in both cases, inverse to the
direction of the density gradient. This misalignment between pressure and density
gradients contributes to the growth of a RT instability across a flame [77]. Velocity
in the x-direction of the unburned gas is more uniform in the M., = 10 case. For M,
= 5.25, greater turbulence in the unburned gas results in variability in |V, |. Velocity
drops steeply through the burned gas near the walls. There is some recirculation in
the My, = 5.25 case, shown in the local |V,| maxima in the near-wall regions.

a)  Mach5.25
70.33 ps

plkgm’ | = 1

4Gas
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100 200

b) Mach 10 N
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0.125
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Fig. 52. Numerical schlieren, Y, p, and P showing the interaction of the leading shock
and flame for (a) My, = 5.25 at 70.33 us and (b) M., = 10 at 406.7 us for the domain
x = [0,0.26] cm and y = [0,0.1] cm.

The reaction front propagates closer to the inflow boundary for higher M.,. Fig-
ure 52 shows a numerical schlieren image and contours of Y, p, and P for a portion
of the domain at the inflow for the M, = 5.25 and 10 cases at 70.33 us and 406.7

us, respectively. The deflection of the inflow by the boundary layer results in the
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formation of the leading shock. The fuel-oxidizer mixture ignites in the boundary
layer, with the tip of the reaction front, labeled “Flame Tip” in Fig. 52(a), at x =
0.15 ecm. Following ignition, the reaction front propagates downstream, extending
further from the wall with distance from the ignition point. The flame tip moves
upstream toward the inflow boundary at a rate of 2970 cm/s. A secondary shock,
labeled “Flame Shock” in Fig. 52(a), forms upstream of the reaction front due to
the deflection of the unburned gas by the reaction front. The formation of the flame
shock upstream of the reaction front causes inverse pressure and density gradients
across the flame tip, as shown in the p and P plots. In the M., = 10 case, shown
in Fig. 52(b), the flame tip is closer to the inflow boundary than in the M, = 5.25
case; after ignition, the position of the flame tip is constant at x = 0.015 cm. The
reaction front deflects the inflow to form the leading shock, rather than a boundary
layer upstream of the flame tip causing the inflow deflection, as is the case for M,
= 5.25. An inverse gradient in pressure and density is also observed across the flame

tip for M, = 10.

5.5.2 Stability Analysis

For the M., = 5 — 8 cases, the flame becomes increasingly turbulent with time due
to the RT instability at the interface between the high-density unburned gas and the
low-density burned gas. In the case of M., = 10, ripples were beginning to emerge at
the flame surface at the time the calculation was stopped (406.7 us). The schlieren
images for the M., = 8 case in Fig. 46 show the flame evolution process. At 235 us
there are several ripples in the flame surface, just upstream of the outflow boundary
where the lambda waves have formed in the burned gas. At 423.4 us the ripples have
grown to form the bubble-spike structure typical to the RT instability [70].

The Atwood number, At = (pg — pr)/(pu + pr), is one of the key parameters

used to characterize the development of a RT instability, where py is the density of
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Fig. 53. Atwood number as a function of time, measured at vertical slices x = 1.6
and 2.4 cm for the first five time steps in the M, = 8 case shown in Fig. 46.

the heavy fluid and py, is the density of the light fluid. Bubble and spike structures
are likely to develop at the fluid interface for flows with At ~ 1 when the light fluid
pushes the heavy fluid [70]. If At ~ 0, a pattern of interpenetrating bubbles of heavy
and light fluid is more likely to develop. Figure 53 shows At at two vertical slices
through the domain for the first five time steps shown in Fig. 46. The vertical slices
were taken at x = 1.6 and 2.4 cm. The Atwood number was calculated by taking the
average burned gas density across the slice as p; and the average unburned gas density
as pg. At x = 1.6 cm, At stays relatively constant with a value of ~0.9. No bubbles
are visible on the flame front at x = 1.6 for the five time steps considered in this
analysis. At x = 2.4 cm, At decreases with time as the amplitude of the bubbles at
this location increases. The lowest At is observed immediately prior to the initiation
of detonation D10. Increase in amplitude of the bubbles from the inflow to outflow
indicates that the flame front becomes more unstable as distance downstream from
the point of ignition increases. Atwood numbers approaching unity were measured
across the flame in earlier time steps and At decreased with time and distance from
the point of ignition as the flame surface became more turbulent.

In addition to the amplitude of the bubbles increasing, the bubble-spike structure
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Fig. 54. Temperature for M, = 7 case at 205.3 ps and schlieren enlargements of
regions showing typical Rayleigh-Taylor bubble-spike structure and distorted bubble-
spike structure with secondary Kelvin-Helmholtz instabilities.

becomes more distorted as distance from the point of ignition increases. Structure
develops on the spikes due to a Kelvin-Helmholtz instability, or velocity gradient
across the fluid interface, causing the spikes to deform and mushroom [70, 71]. The
spike distortion effect is most pronounced for low At [70], particularly for compressible
flows [72]. This matches what is seen for M., = 8, where lower At values are measured
as the bubbles and spikes are distorted. The distortion process is observed for the
other M, cases as well. Figure 54 shows a time step from the M., = 7 case shortly
before the first detonation occurs. Closer to the point of ignition, the bubbles and
spikes are relatively uniform. Near the outflow boundary, the amplitude and shape of
the bubbles varies considerably and the secondary Kelvin-Helmholtz instability causes
many of the spikes to mushroom and deform. As the unburned gas is compressed
by the RT bubbles, strong shocks form and the passage of the shocks through the
flame causes further flame distortion through the Richtmyer-Meshkov instability as
channels of unburned gas are driven into the burned gas. Despite the presence of
secondary fluid instabilities, the RT instability is dominant in the early evolution of
the flame fronts and causes the formation of bubble-spike structure that compresses

and preheats the unburned gas creating ideal conditions for a detonation to occur.
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5.5.3 Solution Sensitivity
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Fig. 55. (a) Flame surface length and (b) heat release rate for M., = 5.25 simulations
with four different grid resolutions.

A resolution study was performed to investigate the sensitivity of the solution to
the computational grid spacing. Four 2D simulations were run with a domain height
of 0.16 cm, a symmetry plane at the top wall (same geometry as shown in Figs. 46 and
49), and an inflow condition of M., = 5.25. The number of grid points per laminar
flame thickness varied from 35.5 to 6.7 from the finest to coarsest grid resolutions,
respectively. Figure 55 shows flame surface and heat release rate as a function of
time for the four cases. Flame surface increases steadily until the first detonation
occurs, then it decreases rapidly as the detonation waves consume the reactant in the

domain. Similarly, heat release rate increases as the flame expands into the channel,
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with a sharp increase following detonation. As grid resolution increases, so does the
time to onset of turbulence in the flame and DDT, where oscillations in the flame
surface over time indicate turbulence in the flame. The difference in time to the first
detonation between the coarsest and finest cases is 18 us. The slower rate of flame
expansion for finer grid resolution is also evident in the heat release rate over time.
Ignition occurs at approximately the same time for all four cases, but the heat release
rate takes longer to increase for the cases with finer grid resolution. Maximum heat
release rate is on the order of 1 MW /cm for all four cases.

The maximum flame surface length increases with finer grid resolution due to the
greater refinement in the RT bubble-spike structure achieved with more computa-
tional cells across the flame surface. The bubble-spike structure emerges on the flame
surface in all four cases, but the width of the bubbles increases as the mesh is coars-
ened, resulting in lower values for flame surface length. This is evident in Fig. 56,
which shows the flame evolution and DDT for a M, = 5.25 case with a channel
height of 0.32 cm where the coarsest grid resolution was used (dzp., = 53.3 pm,
dZmin = 13.3 pm). The RT bubbles are noticeably wider than in the higher resolution
M., = 5.25 case shown in Fig. 40. This is due to increased numerical diffusion with
a coarser mesh, resulting from larger dx,;,, which can smooth out finer detail at the
flame front.

Despite the differences in time to DDT and flame expansion rate, the same macro-
scopic flow features are observed in all cases and are independent of grid resolution:
ignition of the fuel-oxidizer mixture in the boundary layer, growth of a RT instability
at the flame front, increasing turbulence in the flame, and detonation of the unburned
gas due to an energy-focusing mechanism after significant compression and preheat-
ing. These features are also independent of calculation dimensionality and domain
size, as they are observed in the 3D M., = 5.25 case shown in Fig. 45 and in cases

with channel heights of both 0.16 and 0.32 cm.
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Fig. 56. Evolution of flame and DDT for M., = 5.25 with dz ., = 53.3 um and dxy;,
= 13.3 pm. Time in ps shown in frame corners.

5.6 Summary & Conclusions

The effect of inflow Mach number, M., on ignition, flame expansion and instabil-
ity, and transition to detonation of an initially homogeneous mixture of ethylene
and oxygen in a supersonic combustor was studied using multidimensional, unsteady
numerical simulations.

This paper compared several cases taken from a series of

simulations with M., = 3 — 10. Both two and three-dimensional calculations were
performed.

For the lowest inflow Mach number studied, M., = 3, the fuel-oxidizer mixture
does not reach a sufficient temperature to ignite and combustion does not occur.
Deflection of the inflow by the boundary layers at the combustor walls forms an
oblique shock train and the flow reaches a steady-state solution. When M., > 5,
the fuel-oxidizer mixture ignites in the boundary layers. The flames in the boundary

layers expand into the channel and an oblique shock train, similar to that observed
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for M, = 3, forms between the reaction fronts. Interaction of the leading shock and
the tip of the reaction front causes perturbations that are initially small ripples in
the flame. The ripples grow in time, as well as in distance from the point of ignition,
due to a Rayleigh-Taylor (RT) fluid instability at the flame front. Bubble and spike
structures develop along the flame and the expanding bubbles of low-density burned
gas compress and preheat the high-density unburned gas flowing between the flame
fronts. Shocks form as the bubbles extend further into the channel, increasing pressure
and temperature in the unburned gas. Detonation occurs when a shock passes through
the flame front through an energy-focusing mechanism that is consistent with previous
work investigating deflagration-to-detonation transition in ethylene-oxygen mixtures
28, 29].

The timescales for growth of instability in the flame and detonation initiation
increase with M,,. The detonations occur in slightly different locations as M., is
varied, but in all cases the mechanism for DDT is energy focusing. A RT instability
at the flame surface, resulting from inverse gradients in pressure and density, causes
small ripples in the flame to grow to large bubble-spike structures that compress and
preheat the unburned gas and create the ideal conditions for a detonation to occur.
Although this process was observed to be qualitatively independent of M, the time
to initiation of the first detonation increased quadratically with M.

A resolution study was performed to examine the sensitivity of the solution to
computational grid spacing. The macroscopic flow features, ignition in the boundary
layer, growth of the RT instability, and DDT through an energy-focusing mechanism,
were found to be grid-independent despite small variations in flame surface length
and time to detonation. These flow features were also observed to be independent
of dimensionality and domain size. Future work will investigate the effect of fuel-
oxidizer mixture, variable equivalence ratio, and combustor geometry on ignition,

flame growth and stability, and detonation mechanism.

100



5.7 Acknowledgments

The authors gratefully acknowledge the support of the Base Program at the Naval
Research Laboratory, provided through the Office of Naval Research, and the Glenn L.
Martin Institute Chaired Professorship at the A. James Clark School of Engineering,
University of Maryland. The authors thank Professor Ryan Houim for the use of
FAST (Flame Acceleration Simulation Tool). The computations were performed on
Department of Defense High Performance Computing Center systems at the Army

and Air Force Research Laboratories.

101



6 Conclusions

6.1 Summary of Research Findings

Multidimensional numerical simulations of unsteady, compressible, chemically react-
ing flows were performed to study the mechanisms for deflagration-to-detonation
transition (DDT) in obstructed channels and the effect of supersonic flow speeds
on premixed flame stability. Previous work had investigated DDT in channels filled
with a hydrogen-air mixture [18, 39|, finding that detonations always initiated in the
unburned gas behind a Mach stem reflection through an ignition-gradient mechanism
[14, 15]. Using channel geometries differing from those used in previous work, par-
ticularly with respect to the obstacle blockage ratio, was found to significantly affect
flame evolution, turbulence in the unburned gas, and DDT. Detonation transition oc-
curred by a mechanism not previously observed, which led to the following questions

that this work sought to answer:

e Can detonation occur in the unburned gas through a mechanism other than the

ignition-gradient mechanism previously observed?

e Does detonation initiation always occur in the unburned gas, or can shock-flame

interactions cause the flame front to transition to a detonation?

e How does varying the blockage-ratio in the canonical obstacle-laden channel
affect flame evolution, development of turbulence, and detonation initiation?

Will the mixture detonate for very low blockage ratios?

e Will the fuel-oxidizer mixture autoignite when flowing through a channel with-
out obstacles at supersonic velocities? If so, does the flame remain stable or does

it become turbulent? Will detonations occur and, if so, by what mechanism?

e What is the effect of Mach number on ignition, flame stability, and detonation

initiation of the mixture flowing at supersonic speeds?
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e How do fluid instabilities contribute to turbulence in the flame and detonation

initiation?

These questions were investigated using two different computational geometries.
The first geometry was a thin channel, 0.32 cm in height and 21 cm in length, with
regularly spaced obstacles along the bottom wall. The channel was filled with an
initially homogeneous mixture of stoichiometric ethylene and oxygen that was ignited
by initializing a region of hot, burned gas in the channel corner. Obstacle blockage
ratio (br) was varied from 0.05 to 0.8. Several regimes of flame evolution and DDT
were observed when br was varied. In the intermediate regime of 0.35 < br < 0.5, the
flame expanded and compressed the unburned gas upstream, forming a leading shock
that remained closely coupled to the flame. As the leading shock diffracted over the
obstacles, it reflected from the channel wall forming a Mach stem. The Mach stem
reflected from the next obstacle, dramatically increasing the pressure, temperature,
and density of the unburned gas in the region behind the Mach stem reflection. Hot
spots ignited in this preheated region, which transitioned to detonations through the
ignition-gradient mechanism. This result was consistent with previous work using
larger channels filled with stoichiometric hydrogen-air [18, 39].

DDT became far less predictable for br outside of the intermediate regime. For
br < 0.35, the rate of flame acceleration is slower and the leading shock traveled
further upstream, creating a highly turbulent, dynamic region of unburned gas be-
tween the leading shock and the turbulent flame front. This region was characterized
by shock-shock and shock-flame collisions, shock-boundary layer interactions, shock
reflections from the obstacles and the walls, and strong vortical motion. The strength
of the shocks increased as they propagated further down the channel and, eventually,
a shock collision focused energy in a localized volume of unburned gas causing it
to detonate instantaneously. This energy-focusing detonation mechanism, observed

in both two and three-dimensional calculations, is consistent with direct initiation
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theory [10] and detonations seen in experiments using similar blockage ratios [46].
The time and location of DDT in this regime was found to be stochastic due to the
strong dependency on turbulence, which is heavily dependent on initial conditions,
but the energy-focusing mechanism was robust and insensitive to changes in grid
resolution, initial conditions, channel height, and dimensionality. These simulations
provided an answer to the first question posed above: detonations are likely to occur
in the unburned gas through an energy-focusing mechanism if the unburned gas is
turbulent and characterized by shock-shock, shock-flame, and shock-boundary layer
interactions.

When br was increased to 0.8, the flame accelerated at a higher rate than in
lower br cases and detonation was initiated through two different mechanisms, in
both the unburned gas and at the flame front. DDT occurred through the ignition-
gradient mechanism in the region behind a Mach stem reflection in the unburned
gas, but this detonation did not survive and propagate out of the end of the channel.
However, a shock generated by this detonation passed through the turbulent flame
front and caused the flame front to transition to a detonation. The mechanism for this
detonation was energy-focusing, in that the passage of the shock through the flame
compressed the reaction front and deposited sufficient energy to cause its transition
to a detonation. This result provided an answer to the second question: a flame front
can transition to a detonation front and DDT does not occur solely in the unburned
gas. A shock-flame interaction, with a shock of sufficient strength, can cause a flame
front to transition to a detonation.

The third question was addressed through examining the change in flame evolu-
tion and detonation initiation mechanisms as a function of blockage ratio for a series
of simulations spanning 0.05 < br < 0.8. When br decreased, the flame remained lam-
inar further into the channel as lower obstacles did not significantly obstruct flame

expansion. The longer phase of laminar expansion also resulted in a slower rate of
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flame acceleration and longer durations from ignition to the formation of shocks and
DDT. Despite these larger timescales to shock formation and turbulence in the un-
burned gas, the unburned gas eventually becomes significantly more turbulent in the
cases with lower br. Increased turbulence was accompanied by stochasticity in the
exact time and location of detonation. Despite this variation, the mechanism for
the detonation in the lower br regime was consistently found to be energy-focusing
through shock collisions in the unburned gas or shock collisions with the turbulent
flame. The lowest br examined for this computational geometry was 0.05 and deto-
nation did occur, but the time to detonation was over four times greater than for the
br = 0.5 case.

The latter three questions were investigated using a canonical supersonic com-
bustor. The computational geometry was a constant-area channel, 0.32 cm in height
and 3.2 cm in length, with a supersonic inflow of stoichiometric ethylene and oxygen.
A series of simulations was performed with inflow Mach numbers, M., from 3 to
10. The flow reached a steady-state oblique shock train structure when M, = 3.
The mixture did not reach a sufficient temperature for autoignition and no combus-
tion occurred. When M., > 5 the mixture ignited in the boundary layer and flame
fronts formed along the channel walls that gradually expanded into the center of the
channel. The flame surface was perturbed by oblique shocks at the reaction front
tip, forming ripples on the flame surface that grew in time due to a Rayleigh-Taylor
(RT) instability at the interface between the unburned and burned gas. As the flame
fronts expanded, the low-density burned gas compressed the high-density unburned
gas and bubble and spike structures developed along the flame surface, typical to the
RT instability. As the inflow of unburned gas was deflected by the expanding bubbles
of burned gas, shocks formed that increased the pressure, temperature, and density of
the unburned gas. Eventually, the flame front transitioned to detonation as a shock

passed through the flame front and caused it to transition to a detonation. The se-

105



quence of events leading to DDT here is similar to that observed in the obstacle-laden
channel with br = 0.8; a strong shock passes through a flame, compresses the reaction
front, and deposits sufficient energy to cause the flame to transition to detonation
through the energy-focusing mechanism. Subsequent detonations occur throughout
the channel, originating at the flame front as well as in the unburned gas.

Simulating supersonic flow of premixed fuel and oxidizer through the combustor
provided insight into the stability of premixed flames in high-speed flows. With
sufficiently high M., the mixture ignited in the boundary layer and the flame became
unstable and turbulent soon after ignition. The mechanism for DDT in this flow was
the same as in the obstructed channel for br < 0.35 as well as br = 0.8. This result
agrees with the observation that turbulent, shock-heated fuel-oxidizer mixtures are
likely to detonate through the energy-focusing mechanism, either at the flame front
or in the unburned gas.

Flame evolution and detonation initiation mechanism were found to be qualita-
tively independent of M, as long as M, was sufficiently high for the mixture to ignite
in the boundary layer. In all cases for M., > 3, there are several distinct phases of
flame evolution: laminar flame expansion, growth of RT instability, turbulent flame
expansion, and transition to detonation. Quantitatively, the timescales for growth of
instability in the flame and detonation initiation increased with M,,. This indicates
that the growth rate of the RT instability is small relative to the characteristic flow
speed for higher M,,. An inverse relationship was observed between M., and time to
ignition, where the boundary layer ignites almost immediately for M., > 8.

To address the final question regarding the effect of fluid instabilities on turbu-
lence in the flame and detonation initiation, the Atwood number, At, was used to
characterize the growth rate of the RT instability at the flame front for the M., =
5.25 and 8 cases. An At < 1 was calculated at all points where sampled for both

M, cases, indicating that a RT instability was likely to grow at the flame surface.
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Lower values of At were calculated at later times in locations along the flame furthest
from the point of ignition, indicating increasing instability with time and distance
from the inflow. This result agrees with the qualitative changes seen in the flame,
where the bubble-spike structure became more distorted and the amplitude of the
bubbles increased with time and distance from the inflow. Distortion of the bubbles
caused turbulence in the flame front to increase and shocks to form as the bubbles
deflected the flow of the incoming unburned gas. Secondary Kelvin-Helmholtz (KH)
and Richtmyer-Meshkov (RM) instabilities developed as the shocks passed through
the flame front, which further distorted the flame and drove turbulence in both the
burned and unburned gas. This sequence of events preheated the unburned gas and
increaseed turbulence in the flame, creating the ideal conditions for detonation to

occur through the energy-focusing mechanism.

6.2 Future Work

There are many opportunities for expanding the work presented here, particularly
through the use of different fuel-oxidizer mixtures, chemical models, geometries, and
boundary conditions. All of the simulations discussed in this work used a stoichiomet-
ric ethylene-oxygen mixture. Future work will incorporate a variable fuel equivalence
ratio chemical model which calculates input parameters, such as heat release and
activation energy, as a function of equivalence ratio. This will allow simulation of
fuel-rich or lean premixed combustion and accurate modeling of diffusion flames in
high-speed flows. Stoichiometric ethylene-oxygen is a highly reactive mixture and
the effect of the mixture’s composition on DDT through energy focusing is a topic
that requires further investigation. Using higher hydrocarbon fuels, such as JP-8 or
kerosene, will likely influence the effect of fluid instabilities on generating turbulence
in the flame and may delay detonation initiation or cause DDT to occur through a

different mechanism than the energy-focusing mechanism detailed in this work.

107



The walls for the channels and combustor geometries used in these simulations
were modeled as adiabatic; no energy from the computational domain was lost to
the surroundings. This constraint is useful for studying the physics of flame stability
and DDT, as isothermal walls can hinder processes such as ignition and detonation
initiation if the walls are cold, or near room temperature. In an actual experimental
facility, the walls are neither adiabatic nor held constant at room temperature. Reality
falls somewhere in between these two limits and could best be simulated with a
wall model that accounts for transient heating as a function of heat release inside
the domain. This type of wall treatment will be critical for applying the numerical
methodology used for the simulations in this work to more applied problems.

Using detonations to generate thrust in a system such as the supersonic combus-
tor studied here is a topic that warrants further exploration. Recent interest in pulse
and rotating detonation engines has shown that detonations are gaining traction as
a reliable means of propulsion of air and spacecraft. If a detonation wave could be
stabilized within a planar combustor, such as the one studied in this work, consider-
able thrust would be produced. This concept has been introduced to the propulsion
community as a standing detonation wave engine [58], but it has not received as much
attention as pulse or rotating detonation engines. A first step to a proof-of-concept of
this engine design would be an investigation into changes in the geometry, inflow con-
ditions, and mixture composition that promote stabilization of the detonation wave
within the combustor. It is likely that when flowing lean fuel-air mixtures into the
combustor at a velocity equal to or greater than the detonation’s Chapman-Jouget
velocity, a detonation wave could be stabilized and the thrust generated by such an
engine could be quantified. Active control of the inflow conditions as a function of
wall pressure changes in the combustor, indicating movement of the detonation wave,
would be a viable method for detonation wave stabilization across a range of flight

conditions.
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In the cases of supersonic flow through the constant-area combustor, it was clear
that the RT instability was the dominant mechanism for transformation of the laminar
flame fronts to turbulent flames. Secondary KH and RM instabilities further distorted
the flame in the later stages of the calculations, creating a highly turbulent, shock-
laden flow in the microseconds prior to detonation initiation. Similarly, in the case of
the obstructed channel, the flow prior to detonation is characterized by many shock
collisions and repeated shock-flame interactions at the flame front. In both situations,
the flow is incredibly turbulent prior to DDT occurring with repeated shock-shock
and shock-flame interactions on all scales, from the scale of the physical system to
the flame thickness. It is unlikely that in flow dominated by repeated shock collisions
that the turbulence is isotropic or homogeneous and has an equilibrium spectrum in
accordance with typical Kolmogorov turbulence that has been a subject of consider-
able research emphasis over the past several decades. Future work to investigate the
nature of the turbulence in these flows and the cascade of energy from the large to
small scales would greatly enhance our understanding of the flow conditions where
detonations are likely to occur through the energy-focusing mechanism.

Finally, the monotone-integrated large eddy simulation (MILES) method for com-
puting turbulent, high-speed, chemically reacting flows has historically been used for
fundamental research problems much more often than for applied work, such as in-
vestigating flame stability in a scramjet engine of realistic scale. Simulations using
the MILES method, when coupled with a simplified chemical-diffusive model of the
type used in this work, have been shown to agree quite well with experimental data
for a variety of problems (several of these are referenced in Chap. 1.5) and quan-
titatively reproduce features such as flame speed, thickness, acceleration, and heat
release. Additionally, this numerical method is computationally efficient, especially
when coupled with adaptive mesh refinement, allowing the calculation of flows span-

ning many orders of magnitude in scale. A natural progression in the utility of MILES
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is to apply the method to simulating flow through realistic propulsive geometries, such
as an experimental scramjet combustor, for which there is qualitative and quantita-
tive data for comparison. Once agreement between simulation and experiment has
been obtained for this type of problem, the MILES method has the potential to be

an incredibly useful tool for engine design and analysis.

6.3 Closing Remarks

This work has been an exploration into the fundamental physics underlying flame
acceleration, flame stability in supersonic flows, and detonation initiation mecha-
nisms. Research to provide definitive answers to the questions posed here is ongoing,
but considerable insight has been gained into the complex interplay between flames,
high-speed flow, shocks, and turbulence. It is our hope that this work established
a foundation for theory, computation, and experimentation to bridge the gaps still
remaining in our knowledge such that detonations and high-speed, turbulent combus-

tion can be reliably and safely used for next generation propulsion concepts.
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