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Project Summary

The TSTC project is a multi-university collaborative effort to develop a high-fidelity turbulent
reacting flow simulation capability utilizing terascale, massively parallel computer technology.
The main paradigm of our approach is direct numerical simulation (DNS) featuring highest
temporal and spatial accuracy, allowing quantitative observations of the fine-scale physics found
in turbulent reacting flows as well as providing a useful vehicle towards description of sub-
models needed in device-level simulations. The new S3D software is enhanced with new
numerical algorithms and physical models to provide predictive capabilities for spray dynamics,
combustion, and pollutant formation processes.

Program Scope

The primary goal of the SCIDAC TSTC project for FY04-07 is to extend the S3D code with new
physical and algorithmic modules. The ultimate demonstration of the task will be simulations of
partially premixed turbulent flames with liquid spray description, thereby achieving the full
potential of the state-of-the-art DNS capability as a companion of detailed experimental studies.
The specific objectives of this project include:

e To develop and complete the high-fidelity numerical algorithms under the component-based
and parallel computing platform. This includes high-order, implicit/explicit (IMEX) stiff
time integrators based on additive Runge-Kutta, and the immersed boundary method (IBM)
for solid body representation associated with high-order interpolation schemes.

e To expand and upgrade the physical submodels to describe the underlying mechanisms with
great details. The existing modules of radiation, soot, and spray evaporation model will be
further enhanced to allow direct comparisons against experimental studies. In particular,
detailed soot formation model using the method of moments will be developed and improved
spray models will be added to represent direct injection and droplet distortion effects.

e To demonstrate the capability of the terascale DNS code in investigating fundamental science
issues by several pilot simulations of canonical flames observed in turbulent combustion. The
pilot configurations proposed for TSTC Phase Il include partially-premixed turbulent
counterflow and jet flames, and turbulent spray jet evaporation and ignition problems. The
S3D DNS code will further allow access to various post-processing functionalities for
effective data-mining and visualization that are being developed under BES Chemical
Sciences core program.



Recent Progress

We present here a summary of progress made during the past 12 months work period of this
project extending from 04/01/04 to 03/31/05.

Software design developments:

As a completion to the collaboration with Pittsburgh Supercomputing Center under TSTC
Phase I, S3D has been modified to fit into GrACE (grid adaptive computational engine) and
componentized into the CCA (common component architecture) framework (PSC/
Raghurama Reddy).

S3D has been ported to the CrayX1 architecture and optimized by rewriting key modules, i.e.
chemistry and thermodynamics, to facilitate vectorization (SNL).

Performed test simulations of S3D to identify optimal physical and numerical parameters for
INCITE goal (SNL).

As part of 2005 Joule Software Effectiveness Study, benchmark test simulations were
performed to identify the code efficiencies with radiation/soot models (UMI/UMD) and
spray vaporization models (UWI) on two supercomputing facilities at NERSC and ORNL
CCs.

Numerical developments:

New improved characteristic boundary conditions have been formulated to properly account
for multi-dimensional flow effects in nonreflecting inflow and outflow conditions.
Applications to various counterflow configurations demonstrate accurate and robust solutions
over a wide range of flow and scalar variables, allowing high fidelity in detailed numerical
studies of turbulent counterflow flames. This work has been submitted for publication in
Combustion Theory and Modelling (UMI/UMD).

Physical model developments:

Two alternative radiative heat transfer models, discrete ordinate method (DOM) and discrete
transfer method (DTM) have been established and validated. Their overall performance was
tested under the Joule Software Effectiveness Study (UMI/UMD).

The spray module has been improved to efficiently handle a large number of fuel droplets.
The code effectiveness has been tested under the Joule Software Effectiveness Study (UWI).

New combustion science:

The S3D solver has been applied to study the interaction of turbulent ethylene-air jet
diffusion flame and a solid wall. The simulations feature flame extinction events resulting
from excessive wall cooling, and convective heat transfer up to 100 kW/m?. The structure of
the simulated wall flames is studied in terms of a classical fuel-air-based mixture fraction and
an excess enthalpy variable. Preliminary results have been submitted for publication in
Combustion and Flame (UMD).

Various cases of fuel spray ignition with different initial droplet sizes and velocities were
simulated to investigate the impact on turbulent mixing, auto-ignition and initial combustion
of n-heptane fuel spray using detailed chemistry (UWI).



Using the developed radiation and soot models, the interaction of counter-rotating vortices
and laminar nonpremixed flame and their impact on the soot formation characteristics have
been studied (UMI/UMD).
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Figure 1. Temporal variations of (a) temperature (flood) and vorticity (black lines), and (b) soot

volume fraction, f,, during the interaction of an ethylene nonpremixed flame and
counter-rotating vortices, exhibiting highly transient nature of the soot formation
process during flame extinction.

Future Plans

Develop new method for turbulence injection for wall-bounded flows to improve the
accuracy and realism of turbulent fluctuations that are equilibrated with the mean flow, and
to reduce the length of the turbulence development section in spatially-evolving flows (SNL)

Immersed boundary method for solid body representation (UMD).
Advanced soot models based on the method of moments (UMI)
Continuation of studies on the radiation/soot interaction in counterflow (UMD/UMI)

Three dimensional simulations of n-heptane fuel spray injections to investigate autoignition
of fuel spray in realistic turbulent flow and mixing fields (UWI).
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