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Abstract: Simulations are performed of a transient high-pressure turbulent n-dodecane spray
flame under engine-relevant conditions. An unsteady RANS formulation is used, with detailed
chemistry, a semi-empirical two-equation soot model, and a particle-based transported
composition probability density function (PDF) method to account for unresolved turbulent
fluctuations in composition and temperature. Results from the PDF model are compared with
those from a locally well-stirred reactor (WSR) model to quantify the effects of turbulence-
chemistry-soot interactions. Computed liquid and vapor penetration versus time, ignition delay,
and flame lift-off height are in good agreement with experiment, and relatively small differences
are seen between the WSR and PDF models for these global quantities. Computed soot levels and
spatial soot distributions from the WSR and PDF models show large differences, with PDF results
being in better agreement with experimental measurements. An uncoupled photon Monte Carlo
method with line-by-line spectral resolution is used to compute the spectral intensity distribution
of the radiation leaving the flame. This provides new insight into the relative importance of
molecular gas radiation versus soot radiation, and the importance of turbulent fluctuations on
radiative heat transfer.
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1. Introduction

Our society relies on compression-ignition engines for a wide range of applications such as
transportation, construction, farming and electric power generation. In the last decades,
regulations on engine exhaust emissions have become more restrictive. This has motivated the
study of pollutants such as NOx and soot, the main component of particulate matter from
hydrocarbon fuels. Advanced numerical simulations are necessary to achieve these goals: in
particular, the study of spray flames under conditions specific to engines.

Simulation of high-pressure turbulent spray flames requires modeling of turbulent multi-
phase flow, spray injection and vaporization, radiative and convective heat transfer, chemistry
kinetics, and soot formation and oxidation. These physical and chemical processes occur over a
wide range of time and length scales, making numerical modeling of high-pressure turbulent
spray flame simulations as challenging as it is important. In addition, experimental
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measurements are not always available for all quantities of interest as functions of space and
time.

An important point in turbulent spray flame simulations is the modeling of turbulent
fluctuations of temperature and composition, as pointed out in recent studies by Bhattacharjee
and Haworth [1], Pei et al. [2] and Bolla et al. [3]. In these studies, simulations that properly
account for turbulence-chemistry interactions (TCI) produced more realistic flames. Accurate
temperature and species concentrations fields are essential when computing soot quantities. Soot
formation and oxidation strongly depend on temperature and minor species such as poly-cyclic
aromatic hydrocarbons (PAHs), CoH, and OH; therefore, reliable soot predictions require
accounting for TCI, and also proper chemical kinetic and heat transfer models.

In general, including radiative heat transfer in numerical simulations leads to a more accurate
temperature prediction and to smoother temperature fields [4]. The main sources of radiative heat
loss in engines are the burned gasses and soot particles. Heywood indicates in [5] that radiation
from soot particles in diesel engines is about five times larger than radiation from the burned
gases. However, soot levels in modern engines have decreased significantly compared with 30
years ago, while operating pressures and exhaust gas recirculation (EGR) levels have increased,
which are expected to increase the relative importance of molecular gas radiation. Recent
measurements of soot radiation from spray flames under engine-relevant conditions [6] have
indicated radiant fractions lower than 0.5%.

In this paper, an n-dodecane spray flame denoted by the Engine Combustion Network (ECN)
as Spray-A“ is studied. The objectives of this paper are: to confirm the role of TCI in high
pressure turbulent spray flames; to demonstrate the importance of molecular mixing on soot
predictions; to study the effects of turbulence radiation interactions (TRI) in radiative heat
transfer; and to analyze the relative contributions of participating molecular gas species and soot
in the radiative heat transfer.

2. Methods / Experimental

The experimental configuration is a constant-volume optically accessible cubic combustion
vessel with an enclosed volume of 1147 cm?®. Sprays of n-dodecane (Ci12Hz6) are injected using a
common-rail diesel fuel injector with a single orifice of nominal diameter 90 um located at the
center of one vessel wall. The pre-injection conditions are generated by burning a combustible
mixture. Further description of the experimental set up can be found in [7].

Unsteady Reynolds-averaged simulations (URANS) of the spray injection events were
performed using the open source CFD code OpenFOAM [8]. A finite-volume method was used
to solve the transport equations for mean quantities. Turbulence was modeled using a standard
two equation k-¢ model. Standard values of the turbulence model constants were used [9], except
for C¢1 in the modeled € equation; here the value C¢1 = 1.55 was used

The fuel injection and spray evolution were modeled using a stochastic Lagrangian parcel
method [10]. In this method the spray is represented by a finite number of parcels. Liquid and
gas phases were coupled by introducing source terms in mass, species, momentum and energy
transport equations.



Sub Topic: Internal Combustion and Gas Turbines

A skeletal chemical mechanism with 54 species and 269 reactions was adopted in this work
[11]. This mechanism showed good agreement in previous Spray-A simulations for ignition
delay and lift-off [11], [12].

The effects of turbulent fluctuations in species composition, soot quantities and enthalpy
were explicitly accounted using a transported PDF method. The composition variables were
taken to be the mass fractions of the Ns species in the chemical mechanism, the Nsoot quantities
from the soot model, and the mixture-specific absolute enthalpy. A Lagrangian Monte Carlo
approach was used to solve the PDF transport equation. PDF simulations are compared with a
locally well stirred reactor (WSR) model, which neglects turbulent fluctuations.

Turbulent transport was modeled using the gradient-diffusion assumption. The Euclidean
Minimum Spanning Tree (EMST) model [13] was employed to represent molecular mixing. All
the required information about the turbulence scales is calculated by the finite volume flow
solver using the k-¢ model. Detailed information of the modeled PDF equation, the
corresponding particle equations, and mixing models can be found in [14] and references therein.

A semi-empirical two-equation soot model proposed in [15] was used to predict soot volume
fraction and average soot number density. In this model, inception is based on acetylene, which
makes it suitable for reduced chemical mechanisms without PAHs. Soot oxidation paths were
augmented with the two reactions suggested in [16].

Radiative heat transfer was computed using a Photon Monte Carlo (PMC) method [17]. The
participating gases considered here are CO., H>O and CO. Spectral properties were obtained
from the HITEM 2010 database. Soot spectral properties follow the correlation given in [18].

The computational domain is a 2-D axisymmetric mesh that represents a 5° section of the
entire vessel. The axial z and radial r extents of the domain are 108 mm and 58 mm, respectively.
The radial extent was selected to ensure consistency between the computational domain and
experimental vessel volumes.

The mesh consists of 12,800 nonuniformly distributed hexahedral cells, with higher
resolution close to the fuel injector orifice. The minimum characteristic cell dimension is 0.25
mm. Symmetry conditions were applied at all boundaries, except along solid walls where zero
velocity and standard wall functions were applied. All simulations were performed with a
computational time step of 0.5 ps. The number of stochastic particles per cell for PDF runs was
maintained between 50 and 100.

The baseline initial temperature, pressure and density in the vessel are 900 K, 60 bar, and
22.8 kg/m3. The non-reacting case has an O molar concentration of 0%, and uses nozzle
210677. Reacting cases have an O, molar concentration of 15% and use nozzle 210370. The
nominal fuel injection pressure is 150 MPa and the total injection duration is 6 ms.

3. Results and Discussion

Non-reacting experimental data obtained at Sandia National Laboratories include liquid and
vapor penetration, and mixture fraction spatial distributions. Detailed explanation of the
experimental measurements can be found in [7] and [19]. Initial turbulence Kinetic energy,
turbulence dissipation rate and spray parameters were adjusted to match the experimentally
measured penetrations and mixture fraction distributions. There are small differences between
WSR and PDF results for the non-reacting case.
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Reacting cases are simulated next. First, two main key quantities were computed and
compared with the experimental measurements: the ignition delay and the lift-off length (Figure
1). Ignition delays for WSR and PDF models are similar, and both are somewhat lower than the
experimental measurements.
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Figure 1: Computed and measured ignition delays (left) and lift-off lengths (right) as functions of
ambient temperature.
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On the other hand, PDF model lift-off lengths are somewhat better compared to WSR at
temperatures below 900 K. Similar results were showed in [1] and [2]. At high temperatures,
computed lift-off lengths for both models are essentially the same, and are in good agreement
with experiment.

Available soot experimental data includes quantitative measurements of soot optical
thickness (KL) performed using laser extinction and planar laser-induced incandescence (PLII).
The experimental setup is reported in [20], and measurements are available for ambient
temperatures of 850 K, 900 K and 1000 K. These measurements cover a large region of the
flame that extends from 15.2 mm to 67.2 mm from the fuel nozzle. The soot optical thickness
can then be related to soot quantities such as soot volume or mass fractions [21].
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Figure 2. Left: Computed and measured time-averaged soot volume fraction contours. Right:
Computed and measured total soot mass in the experimental field of view.

In Figure 2 (left), computed averaged soot volume fraction contours are compared with
experimental measurements from the ECN database. The key feature is the spatial distribution of
soot. The soot cloud location and distribution from the PDF simulation is closer to the
experimental measurements than are those from the WSR simulation. In addition, the peak soot
volume fraction from the PDF model with Cg=1.5 (4 ppm) is much smaller than the peak
predicted by the WSR model (16 ppm), with the PDF model value being closer to the peak
experimentally measured value (7 ppm).

The influence of mixing can also be seen in Figure 2 (right). Computed total soot mass from
the PDF simulation for two values of the mixing model coeffient Cg are presented. The most
important feature of the PDF model is that it is able to capture the transient shape of the total
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soot mass versus time. WSR simulations fail to capture the early rapid rise and peak/falloff at
approximately 2 ms. Increasing the mixing rate leads to higher total soot mass, with the soot
cloud further downstream.

Results from PMC/LBL radiation post-processing are presented in Table 1. There the
analysis considers only flame zone radiation, where the flame zone is defined as any cell with a
temperature above 1000 K. CO. dominates the radiative emission. However, most of the
radiative energy emitted by CO> is reabsorbed and only about a 5% leaves the flame. This
analysis reveals that CO> contributes to a redistribution of energy rather than to heat loss out of
the flame. Therefore, CO: radiation produces more uniform temperature fields.

On the other hand, H.O dominates the radiative energy that reaches the wall, accounting for
more than half of the total. The effects of TRI are stronger for soot radiation than for molecular
gas radiation. This suggests that when studying soot radiation, TRI should be taken into account
when comparing with experimental measurements, i.e. the spectral and spatial radiative
intensities presented in [6].

i Energy Energy Energy out
Rgg:frtégn Participating Quantity Emitted Reabsorbed of the flame
W) (%) W) (%) (W) (%)
CO, 29.35 82.34 27.82 91.00 1.54 30.25
H.O 5.37 15.07 2.55 8.35 2.82 55.54
Cell level co 0.19 0.54 0.12 0.40 0.07 1.40
Soot 0.73 2.04 0.08 0.25 0.65 12.80
CO, 31.96 78.95 29.47 90.32 2.50 31.79
particle level H.0 6.42 15.87 2.85 8.74 3.57 45.44
CcoO 0.22 0.55 0.14 0.44 0.08 0.98
Soot 1.88 4.63 0.16 0.50 1.71 21.79

Table 1: Radiative contributions from key participating constituents from PMC/LBL
postprocessing. Results are at 4.0 ms ASOI, for a PDF Cg=1.5 run.

4. Conclusions

Simulations of transient high-pressure turbulent n-dodecane spray flames under engine-
relevant conditions were performed. An unsteady RANS formulation was used, with detailed
chemistry, a semi-empirical two-equation soot model, and, a transported PDF method to account
for unresolved turbulent fluctuations in composition and temperature.

Results from the PDF model were compared with those from a WSR model to quantify the
effects of turbulence-chemistry-soot interactions. Computed liquid and vapor penetration versus
time, ignition delay, and flame lift-off height were in good agreement with experiment, and
relatively small differences are seen between the WSR and PDF models for these global
guantities.

Computed soot levels and spatial soot distributions from the WSR and PDF models show
large differences, with PDF results being in better agreement with experimental measurements.
A photon Monte Carlo method with line-by-line spectral resolution is used to compute the
spectral intensity distribution of the radiation that reaches the wall. It was found that gas
emission is dominated by CO> and the radiative heat loss by H>O. The influence of turbulent
fluctuations is most apparent in soot radiation.
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