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Bio-derived fuels could displace a significant 
fraction of U.S. oil consumption

Improve 
Conversion 
Efficiencies

Double Fleet 
Fuel 

Efficiency

Currently idle land 
could fuel half of

U.S. Passenger Fleet

Double 
Biomass 

Production to        
10 tons/acre

30 Million Acres

Aug 2 06 press release

2006 Presidential State of the Union Address: announced goal of reducing imports of foreign oil…
and increase national competitiveness by use and development of advance energy technologies.

ORNL LDRD 2006-2007

Alternative Liquid Fuels:
Increased efficiency of 
combustion through 
optimization of vehicle 
technology for combustion 
of biofuels (LTC, HECC)

Collaborative Team

Detailed IC 
engines 
characterization 
facility

http://feerc.ornl.gov

http://www.erc.wisc.edu

Coupled modeling 
and experimental 
program for IC 
engines

Engine 
Research 
Center 

Rolf Reitz (prof.)
Youngchul Ra (post-doc)
Jessica Brakora (grad student)

ORNL Research Staff:
Robert Wagner
Scott Sluder
Kalyan Chakravarthy
Stuart Daw

http://dcpl.ornl.gov

Modeling and 
simulation of 
transport 
processes w/ 
emphasis on 
chemical systems

ORNL Research Staff:
Joanna McFarlane
Valmor de Almeida 
Bill Steele

http://frontier.ams.sunysb.edu

Front tracking 
computational 
fluid dynamics. 
Emphasis on 
diesel spray 
simulation

Xiaolin Li (prof.)
Jim Glimm (prof.)
Xingtao Liu (grad student)
Wurigen Bo (grad student)

CFD Kiva-4 
development for 
IC engines

http://www.lanl.gov/orgs/t/t3/codes

LANL Research Staff:
David Torres

Two national laboratories
Two universities
One DOE research center
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Goal:
To establish a new research capability for 
use of non-petroleum fuels in advanced 
combustion

• Combine capabilities in fuel 
chemistry and engineering 
computations with established 
strength in IC engine 
experimentation to create a 
unique R&D program

Fuel Chemistry 

Computation 

Experimental 

• Develop predictive tool to 
evaluate high-efficiency 
combustion of alternative fuels 

Advanced combustion modes will be 
used on some level in all future 
transportation engines

• Advanced combustion characterized by low temperature 
combustion (LTC) processes: low emissions and improved 
efficiency.

• Typically less stable than conventional forms of combustion (i.e., 
sensitive to air-fuel charge conditions including fuel properties).

• Several forms of LTC exist 
including Homogeneous 
Charge Compression 
Ignition (HCCI), Premixed 
Charge Compression 
Ignition (PCCI), etc.

• Modes are commonly 
referred to as High 
Efficiency Clean 
Combustion (HECC) in the 
literature.

In-Cylinder Combustion: Advanced Modeling 
Components

Realistic geometry
+ Moving parts (piston & valves)

+ Stationary parts (cylinder, injector, exhaust manifold)

+ Adaptive, unstructured meshing

3-D, transient fluid flow
+ Gas-phase multi-species

+ Turbulent

+ Reactive (exothermic)

+ Transport properties

Coupled detailed chemical reactions
+ Reaction mechanisms

+ Thermodynamic data

Spray fuel injection
+ Multi-component fuel

+ Gas-fuel interface prediction

+ Evaporation

+ Physical properties

Experimental validation
+ Prototype engine

+ Modern automatic data acquisition

Boundary conditions
+ Turbulent film models
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Realistic Geometry: GM 1.9 l Diesel Engine
Advances in CAD and combined meshing

Current:
Valid meshes on realistic geometry

Need:
Adaptivity wrt domain time changes

in-cylinder flow domain

BDC
TDC
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GM 1.9 l Diesel Engine cont.

(Re)Meshing and adaptivity

Interpolation/re-mapping when needed

BDC

TDC
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GM 1.9 l Diesel Engine cont.

Working on newly acquired parts

cylinder head & exhaust manifold
valves

fuel injector

6 orifices ~150 μm

3-D Transient Fluid Flow Simulation
+ Gas-phase multi-species

+ TurbulentReactive (exothermic)

+ Transport propertiesKiva-3 (UW-ERC)
Sub-models: Spray, Soot, Liquid wall film, BC
ChemKin for detailed chemical reactions
Simple parallel processing (non-scalable beyond 8 processes)

Kiva-4 (LANL)
Unstructured mesh, multicomponent fuel, parallel processing

1. Multi-species Turbulent Gas Flow

3. Spray (“semi”-empirical)
2. Chemical Reactions

4. Sub-models

Both attempt to model and simulate in-cylinder:

Kiva-3 (UW-ERC)
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Conservation of Mass

default (12 species): fuel vapor, O2, N2, CO2, H2O, H, H2, O, N, OH, CO, NO

reaction coupling
spray evaporation 

coupling

Multi-species gas flow modeling
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Momentum of the Gas Mixture

spray momentum coupling

Multi-species gas flow modeling
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Turbulence Model
Multi-species gas flow modeling

k(x, t): turbulent kinetic energy

μt(x, t): turbulent viscosity field := ρCμ
k2

²

σk, and σ²: turbulent Prandtl numbers

C1², C2², Cμ: calibration constants

ρ∂tk+ ρdivx(kv) = divx(
μt
σk
∇x k) +Gk − ρ²

ρ ∂t²+ρ divx(²v) = divx(
μt
σ²
∇x ²)+ ²

k
(C1² Gk−C2² ρ²)

²(x, t): rate of dissipation of k

Gk(x, t): production of k := 2μt Sym∇x v
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Internal Energy of the Gas Mixture

Multi-species gas flow modeling
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Required Data

Multi-species gas flow modeling
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• KIVA-3 UW ERC version 
running on ORNL cluster

• Simulation of diesel spray 
combustion on GM engine

− ERC n-heptane reduced 
model (29 species, 54 
reactions)

• Parametric studies w/ EGR 
temperature

• Simulation of HCCI mode

KIVA-3ERC in-cylinder combustion 
simulations for reference case

Youngchul Ra, U. Wisconsin
ERC, Post –doc collaborator
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Coupled Detailed Chemical Reactions

• Finite-rate chemistry
− laminar
− turbulent (KIVA 3V and later)

• Equilibrium

+Reaction mechanisms

+Thermodynamic data

• LLNL n-Heptane combustion detailed model*
− 2539 reactions

Reaction mechanism example

*Curran, H. J., Pitz, W. J., and Westbrook, C. K. 2002, release 19 May 2004.

• LLNL detailed model*
− 561 species (5 elements: C, H, O, N, Ar )

n-Heptane model cont.

*Curran, H. J., Pitz, W. J., and Westbrook, C. K. 2002, release 19 May 2004.



24Jan07 VFdA 21

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY Diesel Spray Modeling, Group Meeting, SUNY Stony Brook

Finite Rate Chemistry
Chemical reactions cont.

Arrhenius form
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Coupling to Gas Flow

• Mass conservation

Chemical reactions cont.

• Internal energy
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Required Data
Chemical reactions cont. XChemKin Architecture

ChemKin III

Models

Mechanisms

Algorithms
XChemKin

odae/: ODAE Solvers

linalg/: Linear Algebra

fitting/: approx. and interpolation

n-heptane-llnl-nox/:

mb-nhep-llnl/:

mb-nhep-nox/:

cte-pressure/:
gas-equil/:
gas-plug/:
gas-str/:
multi-phase-equil/:
premix-flame/:

bulk/: interpreter and library

surface/: interpreter and library

data/: thermodynamics and transport

Mining
“knowledge discovery”

plotting/: 

data-agents/:

senkin/:
shear-layer-flow/:
shock/:
spindisk-str/:
str-plasma/:
swirl-flow/:

hydrogen-air/:

n-heptane-erc/:

n-heptane-llnl/:

methyl-but-llnl/:

Exploratory tool for chemical kinetics modeling
• Mechanism phase space analysis and reduction



XChemKin

Model (adiabatic constant-
pressure)

2539 reactions (n-heptane LLNL)

561 species

M
ec

ha
ni

sm

Phase Space Partitioning

Parallel Computing

Data Mining

• 50 atm, 800 K, stoichiometric mixture
− CHEMKIN III, VODE (Δt = 0.25 ms)

n-Heptane combustion

Results with LLNL Detailed Model

• Total auto-ignition delay at ~810 μs

• Cold flame delay at ~620 μs
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• UW ERC reduced model
− 29 species (4 elements)

− 52 reactions

n-Heptane data

• 50 atm, 800 K, stoichiometric mixture
− CHEMKIN III, VODE (Δt = 0.25 ms)

n-Heptane combustion

Results with ERC Reduced Model

• Total auto-ignition delay at ~320 μs

• Cold flame delay at ~160 μs



XChemKin analysis captures 
differences in ignition delay arising 
from fuel composition

Jessica Brakora, U. Wisconsin
MSc student of Dr. Rolf Reitz

Methyl butanoate
(2926 reactions, 651 species)

n-Heptane
(2539 reactions, 561 species)

Mixture
(2926 reactions, 651 species)

ignition-delay 
hypersurface

Spray Fuel Injection
Two-phase Fluid Mechanics with Sharp Interface Governing 
Equations
Momentum balance

Mass balance

Momentum balance

Mass balance

Gibbs’ dividing surface

Internal energy balance

Constitutive equations

Equation of state (EOS)

∂t(ραvα)+ divx(ραvα⊗ vα) = divx Tα+ bα
∂tρα+divx(ραvα) = 0

xα

xβ

compressible α-phase

divx vβ = 0

ρβ∂tvβ+ ρβ divx(vβ ⊗ vβ) = divxTβ+ bβ
pα = f(ρα, eα)

q := −K∇x T
τ := λdivx vI + μ

³
∇x v+ (∇x v)T

´T := −pI+ τ

∂t(ρeα)+divx(ρvαeα) = −pαdivx vα+τα•∇x eα−divx q

incompressible β-phase

Sharp interface equations. cont.

Interfacial momentum balance

where
Gibbs’ dividing surface

Constitutive equation
Geometric Non-linearity

Interfacial energy balance

Impermeable interface

Typical independent assumption

[[ v ·n ]] := (vα − vβ) ·n = 0

[[q ·n ]] = 0

n(x) x xβ

xα
compressible α-phase

incompressible β-phase

[[Tn ]] := (Tα − Tβ) ·n

Current Approximations using Kiva-4 and Frontier

Momentum balance

Mass balance

Momentum balance

Mass balance

Gibbs’ dividing surface

Internal energy balance

Constitutive equations

Equations of state (EOS)

impermeable

q := −K∇x T

T := −pI+ τ

τ := λdivx vI + μ
³
∇x v+ (∇x v)T

´

pα = f(ρα, eα); pβ = g(ρβ , eβ)

∂tρβ +divx(ρβvβ) = 0

∂t(ραvα)+ divx(ραvα⊗ vα) = divx Tα+ bα
∂tρα+divx(ραvα) = 0

∂t(ρeα)+divx(ρvαeα) = −pαdivx vα+τα•∇x eα−divx q

xα

xβ

compressible α-phase

nearly incompressible β-phase

∂t(ρβvβ)+ divx(ρβvβ ⊗ vβ) = divx Tβ + bβ



Sharp interface approx. cont.

Interfacial momentum balance

where
Gibbs’ dividing surface

Constitutive equation
Geometric Non-linearity

impermeableInterfacial energy balance

Impermeable interface

Independent assumption

[[ v ·n ]] := (vα − vβ) ·n = 0

[[q ·n ]] = 0

n(x)

xα

xβx

compressible α-phase

nearly incompressible β-phase

[[Tn ]] = [[pn ]]+ [[ τn ]]
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Advanced Spray Modeling & Simulation

spray-jet

First-principles continuum mechanics jet break-up 
modeling and simulation w/ micro-scale resolved front 
tracking

Path forward:
+ Jet and drop studies
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Experimental Validation
GM 1.9 l Diesel Engine (DOE NTRC at ORNL)
+ Four-stroke, turbocharged, light-duty
+ In-line, four cylinders
+ High-speed cranckshaft > 1500 RPM
+ Direct fuel injection into piston bowl
+ Bio-diesel

+ Research engine at UW and SNL
+ Instrumented

• Cylinder pressure, 
temperature

• Heat release
• After-gas treatment
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Summary

Bio-fuel is in the national political agenda for energy 
security

There is a gap (opportunity) in modeling and simulation 
of sprays in the (realistic) combustion regime
+ Need micro-scale resolution and prediction of jet breakup event
+ Need tight coupling with chemistry of evaporation and 

combustion
+ Need state-of-the-art computing infrastructure (hardware and 

software)

Important for this group to become leaders in 
developing unique modeling & simulation capability


