25" ICDERS August 2 — 7, 2015 Leeds, UK

Large eddy Simulation of Flame Acceleration and
Transition from Deflagration to Detonation

Cheng Wang®, Yongyao Zhao',Wenhu Han?
IState Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology,
Beijing 100081, China
2 Center for Combustion Energy, Tsinghua University, Beijing 100084, China

1 Introduction

The 5-th order weighted essentially non-oscillatory (WENO) [1] finite difference scheme is
combined with the large eddy simulation (LES) method to simulate flame acceleration and transition
from deflagration to detonation in different width channels. The LES equations are obtained by
filtering the compressible Navier-Stokes equations used a spatial filter based on the local grid size,
which contain mass, momentum, total energy and mass fraction of reactant conservation equations. In
order to close the unclosed quantities in the equations, a transport model for the sub-grid kinetic
energy and the dynamically thickened-flame (TF) combustion model are used [2,3]. In the TF model,
the flame front is artificially thickened to be resolved on LES mesh, which is simply achieved by
decreasing the pre-exponential factor of the chemical Arrhenius law whereas the molecular diffusion
is enhanced by a factor F . The response of the thickened-flame to turbulence is considered by
incorporating an efficiency function [4] in the governing equations. The flame acceleration and DDT
of ethylene-air premixed mixture are simulated in different width channels with no-slip and adiabatic
walls. The goal of this work is to investigate the effect of the width on the DDT process and the
detonation mode by LES method.

2  Governing equations

The governing equations are obtained by filtering the compressible instantaneous conservation
Navier-Stokes equations for mass, momentum, total energy and species conservation. The equations
are as following:
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The overbar means spatial filter, for a flow variable f , its filtered quantlty denoted as

f(x) = j f (X')F (x — X')dx’ (6)
In the equations, the Favre averaging is defined by f =E/,5. Herep,u,P,7,E,q,Y, ® and

k** denote density, velocity, pressure, stress, total energy, energy diffusion vector, mass fraction,
filtered reaction rates and sub-grid-scale (SGS) kinetic energy, respectively. The gradient method is

used for the closure of the unclosed quantities. The sub-grid stress 7>, the unclosed term H* in the
energy equation and sub-grid diffusion of specie mass fraction are closed as
Sgs l 4 2 —1, Sgs
o ==2p0,(5,~55,0,) + 5 Pk, ™
e —p o @
pr, Ox;
w50 v, oY 9
? Sc x (9)

Herev, =C, (K**)”?A, h denote total enthalpy, andh = E+ P/ p. The sub-grid reaction rates in the
chemical source term are closed as

> Ea
= ApYexp(- ﬁ) (10)

This model assumes perfect mixing at the SGS level and neglects SGS fluctuations. The
expression implicitly assumes that the turbulent subgrid time scale is short than all chemical
time scales. The thickening factor is defined as F =1+(F,-1)2 , where F,is set to max

(NA/S.,1), N is the grid number in the flame front, A is the cell size and &, is the thickness

of laminar flame, and the flame sensor is Q=16[Y(L-Y)J’ . The efficiency factor & is

evaluated using a power-law flame wrinkling model that assumes the internal structure of the
flame is not significantly altered by turbulence[4]. Constant values of 0.067 and 0.916 are
employed for model coefficients C andC, , pr, and Sc, are taken to be 1.0 in the LES equations.

3 Results and discussions

First, we simulated the experiment [5] in tube with inner width 1 mm to test the validation of our
model. A two-dimensional model is established, and the computational domain is 1mm X 1.22m,
which filled with stoichiometric premixed ethylene-oxygen, the upper and bottom wall are non-slip
solid. We set a high-temperature region with T=2250K in the middle of the computational domain to
realize weak ignition. Fig. 1 shows the velocity evolution of the flame tip, the solid line with squares
represents the experimental value, and the other represents numerical value. In experiment, the flame
in the tube experience a long time acceleration period accelerates before reaching the maximum value
2700m/s then propagates at approximately 2300m/s. The numerical value provides agreement with the
experimental velocity, the flame first accelerates, at t=0.19ms reaches the maximum value 2800m/s,
which is late 0.01ms than the experiment, and the value is greater 3.7%. The detonation velocity is
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2490m/s, which is also close to the theoretical detonation speed for stoichiometric ethylene-oxygen
mixture.
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Fig. 1 Velocity evolution of the flame tip of experimental and calculated
4

Fig.2 Evolution of pressure profile in different channels at axis line (a) D=10mm, (b) D=20mm.
Then, we simulate flame acceleration of ethylene-air in different width channels to reveal the effect
of the width on the DDT process and the detonation mode. Take two channels with width of 10mm
and 20mm, and the length of the channel is 0.8m which filled by premixed mixture. In order to
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simplify the issue, two-dimensional LES equations also are used. The computational domains are
closed at the left end and open at the other end, and the wall of channels are no-slip and adiabatic. In
the unreacted mixture, initial velocity, temperature and pressure are 0.0m/s, 300K and latm
respectively. The expansion ratio is 7.5. We mesh the computational domain using uniform grid
equaling to 0.02mm, and a planar flame by weak ignition is set at the left end.

Fig. 2 shows the pressure distribution along propagating direction at axis line for 200mm and 20mm
channel. From the evolution of pressure profiles, it can be seen that in initial stage the pressure is low
and close to the initial value in unreacted mixture in both 10mm and 20mm width channel. Hence, the
flame in this stage can be considered as constant-pressure combustion. As the flame and the flow
ahead of it accelerate, a strong discontinuity of the pressure can be formed and correspondingly
leading shock appears. While the gradient mechanism of reaction can be formed and then the resulting
pressure pulse develops into a sharp pressure peak. The formation of the gradient mechanism
eventually leads to the onset of overdriven detonation which means DDT occurs. From fig. 2 it can be
seen, when the width of the channel is 10mm, the DDT run-up distance is about 0.18m, while it is
0.27m for the 20mm channel. So flame propagates in wider channel need longer distance to transition
to detonation.
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Fig. 3 Instantaneous pressure con(to)urs for transition to detonation (a) D=10mm, (b) D=20mm.

Fig. 3 shows the contours of the instantaneous pressure by the time sequence, and the evolution
process of transition to detonation can be seen. When the channel width is 10mm, the effect of the
boundary layer is significant on the transition to detonation. Hot Spots with high pressure which are
responsible for the local explosion form at the top wall (see fig. 3 (a)), then the transverse waves fully
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develop and collide with the bottom wall, which induces the propagation of the detonation wave.
Meanwhile, in the wider channel, the effect of layers will be less important in large width channels
since the boundary layer is relatively thin compared to the channel width. Hot spots form at the center
(see fig. 3 (b)) of the channel because of the collision of the reflected shock waves from top and
bottom wall, which induces a local explosion.

The maximum pressure history can be considered as a recording of the tracks of detonation waves.
Fig.4 illustrates the maximum pressure history for the case of D=10mm and 20mm channels. The
channel width effects on the maximum pressure histories are plotted. The detonation cell size becomes
regular with increasing channel width. Since there is no enough space in the small width channel to
allow transverse mode appears, single head detonation forms after DDT and the single triple point
collides constantly with the top and bottom wall and renders the detonation self-sustained. The cellular
structure of the detonation recorded takes on a very regular quasi-periodic cellular structure, and this
characteristic also is observed in the experiments and the simulations on the hydrodynamic structure of
cellular detonation [6]. It is worth noting that, the detonation cell size of ethylene-air is approximately
19.5mm [7], so in the 10mm width channel, there are no whole detonation cell as the detonation waves
propagating along the channel. However, in the wider channel, multi-head detonation can be formed
and the cell is with many modes interacting nonlinearly. In our simulation, the cells size is not uniform,
the smallest is less than 10mm, and the largest is close to 30mm. The experimentally measured data is
in the range of our simulated values. It is interesting that the detonation waves reflected from the wall
is not very clear, while the cell in the middle is regular. This shows that the viscous effect in boundary
layer has obviously influence on the track of triple point in the transverse scale, but this seldom can be
observed in the case of neglecting the viscous from the wall. The viscous heating layer may play key
role in the formation of cell in the boundary; see [8] for further details.
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Fig.4 Maximum pressure history in different width channels
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