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1 Introduction

One dimensional numerical simulations of spatially resdlthermal power depaosition on the acoustic
timescale have demonstrated a mechanism to achieve Déiftagia-Detonation Transition (DDT)[1,
[2]. If the power deposition increases the temperature ofumwe of fluid of lengthl in an amount of time

ty ~ t, = l/a, wheret, is the acoustic timescale ands the undisturbed speed of sound, the reactants
will ignite in a similar time frame, producing a nearly coarst volume (inertially confined) reaction.
Compression waves generated from this explosion tranditichocks and preheat an induction zone of
fluid between the lead shock and the reacted fluid. In additiche previous work [1,]2] spontaneous
ignition of the induction zone has been observed by othetis bxperimentally[[B] and numerically
[4]. The previous one-dimensional simulations focused divation energies in the rangé® — 13.8,
while more realistic activation energies can be as hightas Recent 1-D results [5] demonstrate
that initiation still occurs with increased activation eme but that a more incremental set of localized
explosions occur similar to the theory proposed by [6]. Tk examines the acoustic timescale
mechanism in two dimensions and focuses on the differemcgasdynamic behavior between 1-D and
2-D simulations.

2 Problem Statement and Methodology

The non-dimensional 2-D reactive Euler equations are ussifrtulate detonation initiation. The equa-
tions are written in terms of the conserved quantitigsu,, total energyper and fuel density Yy

Op , Opu
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The equation of state and reaction rate are defined

p Ly
== - . - 5
per — + 5P (5)
W = BpYexp(—E/T). (6)

The reaction ratéV is modeled after a simple Arrhenius reaction rate wherns the pre-exponential
factor, E is the activation temperature afid = p/p. Two additional source term@ and (Wq) are
added to the energy equation for the thermal power depositial chemical energy release.

The variables use the same non-dimensionalizationlin [Zravtthe thermodynamic variables, (o,

T) are expressed with respect to the undisturbed dimensiongal state @), o/, 7)), where the
subscript ¢” indicates the initial state and prime indicates a dimemsibquantity. The entire non-
dimensionalization is premised on a characteristic lefigththe undisturbed fluid such that the acoustic

timescalet’;, = I'/a,,, whered’s = yR'T;, andy = C",/CY.

Each simulation begins with the reactive gas at rest in takaguilibrium with initial condition

po:po:Yvo:1 uko:O (7)

with transient thermal power depositigh

Q=42 <tanh [5 (t— ta)} — tanh [5 (t— tb)]>g(ﬂ:k) (8)

The geometric terny(zy) limits the power addition to a circle of radiiscentered at: = 0. The
domain lies inz € [—3,93] andy € [—3, 12] and reflecting slip walls are present on all walls except the
exit z = 93. Each simulation uses a heat of reactjos 15, specific heat ratiey = 1.4 and activiation
temperaturdy = 13.8. Heat is added betweep = 0.5 andt, = 5.25.

Two separate simulations are presented where one has ggoreatial factol3 = 35 and successfully
initiates a detonation while the secomd= 15 does not form a detonation wave. Based on the previ-
ous work the steps leading to detonation formation inclddehermal power deposition, (2) an initial
explosion and generation of compression waves, (3) an firatuperiod with shock interaction with the
reacted fluid, (4) a localized explosion and (5) overdrivetodation wave formation. The events that
occur beyond detonation formation are out of the scope efwlirk. Case 1 wittB = 35 uses a grid
spacingAx = Ay = 0.015 on the finest level and Case 2 with = 15 usesAz = Ay = 0.03. The
dynamically Adaptive Wavelet-Collocation Method (AWCM)uised in combination with a hyperbolic
solver to perform the simulations|[7].

3 Results

Case 1 begins with the power deposited in a cylinder and aosgrp follows. This explosion produces
a strong cylindrical compression wave that propagates dveay the source as shown in thie= 2
pressure contour shown in Figlre 1. It is hard to tell fromdbetour but at = 2 the lead shock has
already decoupled from the reacted medium.

The compression wave reflects off the three adiabatic watldyzring a geometrically complex post-
reflection shock wave. The reflected wave originating fromm ¢brner is incident upon the edge of
the reacted deposition region and induces a Richtmyer-kéesimstability, which deforms the reacted
region. Att = 5 the lead shock front emerges from the reacted region andis &b reach the upper

boundary. When reflection occurs on the upper boundarytanutie local inertial confinement occurs,
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Figure 1: Pressure and temperature contour plots for otitpast = 2,5, 7,10, 12, 14, 16, 18. The lead
shock front decouples from the reaction zone and creategalareacted induction region between the
reacted hot bubble and the lead shock. A spontaneous expsosccurs at = 14 above the reacted
bubble which accelerates until it reaches the lead shochk asexdriven detonation.
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which produces a localized hot spot in the upper left corfighechannel. This hot spot explodes and
locally amplifies the lead shock front. At= 7, the reflected wave then re-enters the reacted region
and is refracted, which induces an additional longitudewhponent to the wave direction. Creation of
additional longitudinal compression waves through transy wave refraction inside the reacted fluid
medium is a mechanism not present in the previous 1-D WofE][2\t ¢ = 10 the unreacted multiply
shocked region of warm fluid locatede [4, 15] has a temperature gradient in the direction with an
average temperatufB ~ 2 so that the local acoustic timescale for this fluid regiomis= 1//T; =

11/v/2=18.

Figure[1 shows when = 12 andt = 14 this region of fluid spontaneously reacts in a timg = 4
time units so that the ratio of heat release time to local stiotime isty;/ta; = 0.51. This suggests
that moderate inertial confinement will occur, which is e@vided by the compression wave observed in
thet = 14 temperture contour. The interaction of transverse wavés the walls induces a localized
confinement that often results in temperature rises suititdeform localized hot spots. This phenomena
has been observed in both laboratory and numerical expetaj@+-10]. Beyond = 14 the entire
preheated region behind the lead shock front reacts in andttime units and the accelerating wave
propagates to the lead shock front where it emerges as adrivesr detonation wave.

For Case 2 the activation energy is the same as the previ®es bat the pre-exponential factor is
B = 15. A similar sequence of transient events occur for this catethe exception that the localized
explosion located in the upper left corner of the previousecatt = 7 is absent in this case. With the
lowered pre-exponential factor the peak pressure gemkeftatie original chemical explosion is only5
whereas the previous case has a peak pressuré.ofThis reduction in shock wave strength creates
much longer fluid induction times and no localized explosicnurs.

At t = 30, Figure[2 shows in the upper left hand corner an isolatedregf fluid from the primary
distorted reacted bubble of fluid created by the initial esmn. This fluid reacted on a timescale
greater than the local acoustic time and did not produce oessjfpn waves that could further increase
the temperature of the reactants. Figure 2 shows that=at40 and¢ = 60 no localized explosion
has occured on timescales short enough to produce conmmresaves. Since the current work uses
the Euler equations and is only concerned with gasdynantiawer, hot spot formation inside of a
flame brush described byi[4] falls outside the scope of theeativork. Although detonation initiation
does not occur through gasdynamic heating in this caseyitstilhoccur through other mechanisms if
phyiscal diffusion is present.

4 Conclusions

The 2-D simulations exhibit the same general gasdynamieviehleading to detonation initiation
observed in 1-D simulations. The primary difference betw#&eD and 2-D is the role of transverse
waves. Transverse waves reflect off of the top and bottomsvealt are refracted as they enter the
hot products region producing successive longitudinal r@ssion waves that can further preheat the
reactants. Similar to the 1-D simulations, an inductionezofwarm fluid forms and inertial confinement
occurs when a localized volume of fluid spontaneously reledts chemical energy on a timescale
shorter than the local acoustic timescale, which createsmpression wave that accelerates through the
temperature gradient until it reaches the lead shock frotifproduces an overdriven detonation wave.

In the case with reduced pre-exponential factor the ingiqdlosion created by the thermal power de-

position creates compression/shock waves with smallergiasck temperatures and pressures. The
reactants are heated to temperatures where the induatienigi long compared to the time available

in the numerical simulation. It is possible that in this catfeer DDT mechanisms may accelerate the
process faster than a pure gasdynamic process.
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Figure 2. Pressure and temperature plots for output titnes 30, 40 and 60 show that detonation
initiation does not occur for this case through gasdynamocgsses.
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