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1 Introduction

A partially premixed flame typically consists of leading fuel rich, fuel lean premixed flames and a trailing
diffusion flame which consumes excess fuel and oxidizer originating from the premixed flame branches. For
a given aerothermochemical condition, the so-called triple flame is stabilized at a certain distance from the
jet exit, which is known as the lift-off length. Given the relevance of partially premixed combustion to lift-
off stabilization of diesel engines, there has been numerous studies related to stabilization, propagation and
structure associated with partially premixed flames, both experimental and numerical. In particular, previous
direct numerical simulation studies have shed light on the structure and the stabilization mechanism of lifted
flames for both canonical and engine-relevant thermochemical conditions.

Lifted jet flames for single-stage ignition fuels, such as hydrogen and ethylene, have been investigated in
the context of DNS in previous studies [IH3]], revealing that dominant stabilization mechanisms include
edge flame propagation [[I]] and locally autoignitive mixtures that follow coherent large flow structure [3.4]],
depending on the coflow temperature. More recently, lifted jet flames for two-stage ignition fuels have been
studied. Although the stabilization mechanism of lifted-flames with two-stage ignition remains unclear, the
conventional “triple flame structure” has been extended to include “multi-brachial” structure due to the first
stage ignition process [5H7]. However, in diesel engine combustion, the onset of ignition and transition to
a lifted flame yield additional complexities and the link between these previous insights on stabilized lifted
flames and diesel engine combustion remains unclear. Understanding these additional complexities will
provide crucial insights for the modeling of turbulent combustion in diesel combustion.

Therefore, in the present study, a detailed numerical simulation has been performed based on a direct nu-
merical simulation code with reduced spatial resolution to capture the fundamental physics associated with
ignition of a diesel jet and its transition to a lifted flame.
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Figure 1: (a) Profiles of J, and J;, and (b) ignition delay versus mixture fraction £ from a homogeneous
reactor simulation, where the vertical dashed line corresponds to the stoichiometric mixture fraction.

2 Numerical Simulation

The simulation was performed using the DNS code S3D [8]]. The code solves the fully-compressible con-
servation equations for mass, momentum, total energy and species mass fractions. The chemical reactions
are described by a reduced mechanism for n-dodecane-air combustion including 35 species for both low and
high temperature oxidation. The species specific heats are modeled as polynomial functions of temperature
as described in CHEMKIN and TRANSPORT, and mixture-averaged transport coefficients are used [9.[10].
Radiative heat transfer is not considered in the present simulations. Spatial derivatives are obtained using an
eighth-order central finite difference scheme which gradually reduces to a third-order one-sided difference
stencil at the open domain boundaries [11]]. A tenth-order explicit spatial filter is applied to remove any spu-
rious high-frequency fluctuation in the solution [11]]. Time integration is achieved using a six-stage fourth-
order explicit Runge-Kutta method [[11]]. The domain dimensions are L, x LyxL,=26x1.6x 1.6mm3.
The domain is discretized into N, x N, x N, = 1040 x 360 x 360 mesh points, which are non-uniform in
the transverse direction as specified in a previous DNS study of a stabilized lifted jet flame [2]. The mesh
size in the streamwise direction Ax is a constant value of 2.5 um, while in the transverse and spanwise
directions, Ay and Az, vary from 2.5-12 pm. It was found that during the jet ignition process for the
present thermo-chemical conditions described below, low-temperature species generate very thin structures
with a thickness of 6.5 pum, and with the present spatial resolution, the finest flame structure is not fully
resolved. To resolve all relevant chemical scales would require a resolution of at least 0.65um, which is
computationally infeasible. Therefore, the present simulation resolves 1/3—1/4 of the finest scales of the
reactive scalars.

The computational boundary in the streamwise direction is specified as an iso-thermal no slip wall with a
temperature of 1000 K, except for the jet region as described below. Other computational boundaries are
specified as non-reflecting out-flow conditions based on the Navier-Stokes Characteristic Boundary Condi-
tions (NSCBC) method [121[13].
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At the inflow boundary (z = 0), the inpulsively started jet is specified for a streamwise velocity u, temper-
ature 7" and species mass fractions Y; as:

u(y,z) = ujetJr(yaz)Jt(t)7 (D
T(y, Z) = (Tjet - Tair)t]r(yy Z)Jt(t) + Taira (2)
}/;(ya Z) = (Y;',jet - Y;',air)t]r(ya Z)Jt(t) + Y;',aim (3)

where the subscripts “jef” and “air” denote freestream values of the jet and air streams, respectively. The
normalized spatial and temporal jet profiles, .J, and .J; respectively, are given as:

I =05 [tanh (L) + tanh (L)} , @)

TjetOjet TjetO jet

®)

J, = 0.25 tanh [ £~ tojet —tF et }

] tanh [
(tl,jet - tO,jet)Ttran (tl,jet - tO,jet)Ttran

where 7 is the radius from the jet center and ¢ is the elapsed time from the beginning of the simulation.
Other jet parameters used in the present study are: u;e; = 45 m/s, Tjer = 400 K, T, = 1000 K,
Tjet = 0.015mm, 0jet = 0.5, to jer = 10 ps, t1 jer = 150 ps and T4yq,, = 0.01. Equations (I)—() prescribe
the jet profiles for velocity and scalars such that they are smoothly imposed in time and space. The profiles
of J, and .J; are shown in Fig.[Ta

The fuel jet is comprised of pure n-dodecane slightly preheated to 7., = 400 K, while air initially in the
computational domain is preheated to 7};, = 1000 K. The pressure is taken to be 40 atm, and note that
these thermochemical parameters are relevant to diesel engine combustion. Under the present conditions,
the ignition delay time of the mixture at various mixture fractions £ is computed by using SENKIN and
the results are shown in Fig. Note that the ignition delay is based on local maxima of heat release rate
in time. Due to the high pressure conditions, the mixture exhibits a two-stage ignition process, and low-
temperature heat release exists both in fuel lean and fuel rich mixtures, although the species mass fraction of
the low-temperature species such as C12Hgo504 is very small for fuel lean conditions. The minimum ignition
delay time corresponding to high-temperature ignition is comparable to the jet duration, tq je; — 20 jet, and
a similar relation between ignition delay and jet duration is observed in typical diesel engine conditions.

3 Results

Figure [2] shows general features of the lifted jet flame at different times, ¢ = 72, 95 and 185 us, where
the first two times correspond to the minimum ignition delay times for homogeneous low-temperature and
high-temperature ignition, respectively. The temporal and spatial evolution of ¢ (Figs. Za-2c) shows the
process of mixing and the fuel containing region after fuel injection has terminated. Clearly, the mixing
due to turbulent fluid motion is intense at the tip of the jet (at z ~ 1.2, 1.4 and 2.0 mm in Figs. 2al 2bl R2cl
respectively), even for the present low Re condition. However, due to the weak shear layers in the present
flow field, shear generated turbulence is not nearly as strong as observed in [14]].

The variations of Y, 1,50, in Figs. 2dH2fl show the locations of low-temperature ignition. At ¢ = 72 and
95 s, which are near the minimum ignition delay time for low-temperature ignition, there are localized
low-temperature ignition processes occurring at various locations in both the shear layer and at the tip of the
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Figure 2: A spanwise mid-plane slice showing £ (a,b,c), Yc,,1,-0, (d.e,0), log g[max(1, Q)] (g,h,i), and
T .k ) at t = 72, 95 and 185 pus (first, second and third columns, respectively). The color scales (blue—
red) represent the dynamic range: 0-0.8 (a, b, c), 0-0.020 (d, e, f), 9-12.5 logio(J/m?/s) (g, h, i) and
1000-2800 K (j, k, D).

jet, and the impulsively started jet configuration seems to generate favorable mixtures for low-temperature
ignition at various locations. A similar observation has been made in a previous study of a non-reacting LES
of “Spray-A” [14]. However, the maximum concentration of the low-temperature species mass fraction,
corresponding to “intense” low-temperature oxidation, is located at the tip of the jet at approximately x ~
1.4 mm in Fig. Rel

One interesting observation is the structure of the reaction zones in the present jet flame compared with
other stabilized lifted flames. As shown in Figs. [2g| and 2D relatively large heat release rate is observed
inside the relatively high shear region, whereas the most intense heat release rate is located near the tip of
the jet at approximately 2 ~ 1.4 mm in Fig.[2¢el This is consistent with a previous experimental study where
it was observed that the initial ignition kernel is formed at the jet tip [15]]. Reiterating, low-temperature
ignition is robust in the region where the concentration of low-temperature species is the highest. Therefore,
high- and low-temperature igniting mixtures are entangled in this region due to the complex scalar mixing
process. Following the occurrence of high-temperature ignition, a lifted flame is established with a well-
known multi-brachial flame structure as shown in Fig.2il Since the present turbulent intensity is relatively
low, turbulence is not strong enough to contort the “large-scale” flame structure; hence, the various branches
are clearly delineated. The triple-point is clearly observed at x ~ 0.5 mm, followed by rich premixed and
trailing diffusion flames downstream. The lean premixed flame branches are not evident in Fig. 2il since
the heat release rate associated with this branch is nominally two orders of magnitude smaller than the
rich premixed branches [6]. Note that there are additional flame branches upstream of the triple flame,
corresponding to the upstream low-temperature flame branch that has been first observed in laminar DME-
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air lifted jet flames [5H7].

Figures2JH2IIshows that temperature initially increases in the shear regions for slightly lean-to-stoichiometric
mixtures (observed in a conditional average (7'|€), not shown here). As shown in Fig. the most intense
heat release region (tip of the jet at approximately x ~ 1.4 mm) also contributes to the initial temperature in-
crease. Eventually, the temperature variation shows a typical lifted-flame structure similar to ones observed
in previous stabilized lifted flames [1}4}6].

4 Summary

A detailed numerical simulation of an impulsively started n-dodecane-air jet flame under diesel engine rel-
evant conditions has been performed using a DNS code, S3D. Despite the spatial under-resolution by a
factor of 3—4, the simulation results exhibit similar trends to that reported in previous numerical and ex-
perimental observations for both low- and high-temperature oxidation. The simulation results suggest that
intense mixing occurs near the tip of the jet, facilitating the production of relatively intense reactions for
both low- and high-temperature ignition. Moreover, the low- and high-temperature ignition processes are
spatially entangled and concentrated in localized regions. The competition between these two ignition pro-
cesses may be investigated by using highly-resolved direct numerical simulations [16]. After the initiation
of high-temperature chemical reactions, the well-known lifted flame with a triple-point is established with
additional upstream flame branches related to the low-temperature ignition. This indicates that the insights
obtained in previous stabilized lifted flames may also be relevant to the unsteady lifted stabilization process
of diesel engine combustion.
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