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Part I:

US Department of Energy (DOE)

Office of Vehicle Technologies

View of the Future,
Program Goals & Overview   



Internal Combustion Engines (ICEs) will dominate

the vehicle fleet for several more decades 

“The performance, low cost, and fuel flexibility of ICEs makes it likely that they will 
continue to dominate the vehicle fleet for at least the next several decades. ICE im-
provements can also be applied to both hybrid electric vehicles (HEVs) and vehicles 
that use alternative hydrocarbon fuels.”  1

“…ICEs … are going to be the dominant automotive technology for 
decades, whether in conventional vehicles, hybrid vehicles, PHEVs, 
biofueled or natural gas vehicles. 2

Even by 2035, over 99% of vehicles sold will have ICEs 3

1 Quadrennial Technology Review, DOE 2011
2 Review of the Research Program of the U.S. DRIVE  Partnership: 4th 

Report, NRC 2013
3 Annual Energy Outlook 2013, Early Release, DOE 2012.

“ICEs are cost-effective, reliable, durable, and exhibit fuel flexibility” 



DOE Advanced Engine Combustion Program 

Strategic Goal: Reduce petroleum consumption by removing technical barriers 
to mass commercialization of high-efficiency, emissions-compliant ICEs

Performance Targets:

Thrust areas:

Light-Duty Heavy-Duty 
2015 2020 2015 2020 

Engine brake          
thermal efficiency 50% 55% 

Fuel economy 
improvement 25 – 40% 35 – 50% 20% 30%

NOx & PM 
emissions     

Tier 2, 
Bin2

Tier 2, 
Bin2

EPA 
Standards

EPA
Standards

Advanced Combus�on 
Engine  R&D

$56.7M (FY13)

$8M
Advanced Combus�on 

R&D
Emission Control 

R&D
$48.2M

Solid State Energy Conversion 

$8.5M



Advanced Combustion Technical Barriers

 - Inadequate understanding of the fundamentals of fuel injection, fuel-air 
mixing, thermodynamic combustion losses, and in-cylinder combustion/ 
emission formation processes

  "For the operating points we used smoke has decreased by 11-27%, NOx has decreased by 
2-11%, while efficiency is maintained or improved. Not a single operating point showed worse 
results than the baseline...

  ...The bottom line is that the mental image of the in-bowl processes you describe can really 
guide a bowl designer towards a better design"

 - Inadequate capability to accurately simulate these processes

  Injection and ignition timing, rate of heat release, transients, cold-start

  Materials, lubricants, peak pressures 



Advanced Combustion

Examples of supported projects: Experiments 

Single-cylinder

optical engines

Fuel Inj. & SpraysAlt. Fuels HD Diesel

& NG

LD Diesel

& PCCI
HCCI

EthOH &

GDI
Low. Temp.

Gas Comb.

Spray

Chambers
X-Ray

Imaging

Free Piston / Linear. Alt.

Multi. & Single-Cyl.

Test Engines / Benches

Low CN CI

 (PPC)

RCMs

Dual Fuel (RCCI)

See www.sandia.gov/ecn/



Advanced Combustion

Examples of supported projects: Simulation 

High Fidelity

LES

Engineering

LES & RANS

Algorithms &

Numerics

Chemical

Kinetics

Sprays Nozzle

flows

Engine

studies

Fuel surrogates

Mechanisms

Simulation time (chemistry only) for          
106 cells on 32 processors

874 species 
iso-octane now 
only 1 day

Sparse matrix

solvers

Porting to

GPUs

KIVA4-mpi

- Parallel
- Finite element
- Unstructured mesh

Multi-zone

models

Tesla K20
2496 Cores

@$2,895.99



Emission Control Technical Barriers 



Emission Control Projects 

Technical Focal areas:

Example projects:
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Solid State Energy Conversion Barriers & Projects 

Barriers/Challenges:

Focus on materials & demonstration projects

Develop commercially viable advanced TEGs, 
improved technology for  manufacturing TE 
devices, and assess feasibility and cost reduc-
tion for production volumes of 100,000 units 

BypassValve flap

Exhaust 
gas inlets

18 Cartridges

Coolant 
conduit Exhaust gas 

outlets

Na�onal Science Founda�on 
Directorate for Engineering

Division of Chemical, Bioengineering, 
Environmental and Transport Systems

Projects coordinated 
with:



Part II:

Scientific & Engineering Challenges

Over the next 20 years, IC engines will remain

dominant and will not change dramatically in

architecture

Vehicle efficiency can be impacted by:

 

  



How do we improve fuel efficiency? 

Conv.
Diesel

16%

36%

44%
9–11 bar IMEP

Comb. Loss
Heat Transfer

Exhaust
Pumping
Net Work

Adapted from David Foster (UW), 
Transportation Combustion 
Engine Efficiency Colloquium, 
March 3 – 4, 2010

Heat transfer:
 Flow

 Temperature & Composition

Exhaust losses:
 Work Extraction 

 Linked to heat transfer
  (interacts with gas properties to impact 

work extraction!))

{{
{

{



Why didn’t “adiabatic” engines deliver on the

promise of increased efficiency?

Source: SAE 2011-01-0312
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Principal challenges*: Integrated fuel injection

and spray models 

* Draws heavily on industry input to the DOE PreSICE workshop, March 3, 2011

   “Mixture preparation & combustion begins with the introduction of fuel”



Spray models may be strongly dependent on

the specific thermodynamic conditions 

13

}
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Principal challenges: Flow Modeling 

Accurate, massively-parallel, robust CFD codes must: 
Capture cycle-to-cycle fluctuations and associated stochastic events

  (misfires, pre-ignition – implies LES)
Efficient codes for steady flows and parameter optimization – implies RANS
Mesh with CAD input / on-the-fly mesh generation (geometry optimizations) 
Accurate numerics with well-understood mesh & time step dependence
Realistic wall treatments
Single code for all applications (LES, RANS, SI, CI) desirable 

Validation will be a challenge – moving beyond simple statistics

and pollutant formation required

Modeling efforts will be central the improvement of RANS-based codes

   “Fluid mechanics is the foundation of mixture preparation & combustion”



Computational cost and physical content

are not perfectly correlated 

Physical Content

Dynamic Range

Computational
Cost

Linear
Eddy-Viscosity

(k-ε)

Non-Linear
Eddy-Viscosity

Explicit
Algebraic Stress

(EARSM)

Algebraic
Stress

Rodi
Approx.

Same physical
content

Same mathematical form

Reynold Stress
Closure
(RSM)

LES

6-10%
computational
cost increase

(CFD only)

{{

Graph adapted from Gatski & Jongen
Prog. Aero.Sci. 36 (2000):655-682
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The “best” model is one which provides sufficient accuracy at the most 
economical cost. A heirarchy of models or approaches is needed



Non-linear, EARSM-based relationships can

significantly improve predicted turbulent stresses

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-50 -40 -30 -20 -10 0 10 20 30 40 50
Crank Angle

Measured

EARSM

Std. Linear
N

or
m

al
 S

tr
es

s 
A

ni
so

tr
op

y 
 [S

p2 ]
( )****
2

2

*

kjikkjik

ij

SΩΩSk

SkC

−+

−=

ε
α

εμk
kuu ijji

2
3
2 δ− ( (

( (



Direct numerical simulation (DNS) can resolve

long-standing issues in the modeling of Cε3
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RANS turbulence modeling could benefit from fundamental DNS studies 
with modern computing capacity



Principal challenges: Multi-component kinetics 

   “Kinetics impact both auto-ignition and flame propagation processes ”
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Considerable progress has been made in defining

appropriate surrogate fuels  

n-hexadecane (C16H34)

n-octadecane (C18H38)

n-eicosane (C20H42)

n-alkanes branched alkane

cyclo-alkanes

1,2,4-trimethylbenzene

(C9H 12)

trans-decalin

(C10H18)
1-methylnaphthalene

(C11H10)

aromatics

tetralin

(C10H12)

naphtho-aromatic

n-butylcyclohexane

(C10H20)

2,2,4,4,6,8,8-heptamethyl-

nonane (C16H34)
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Principal challenges:  Wall interactions 

   “A significant fraction of the fuel energy is lost to heat transfer”

φ

}



Principal challenges:  Wall interactions 

   “A significant fraction of the fuel energy is lost to heat transfer”
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Principal challenges:  High-pressure, dilute

combustion 

-

x

-

“High-pressure, dilute combustion processes are key to high power density, 
high efficiency, low-emission engines”

0

4

8

12

16

50 100 150 200 250 300 350

Intake air pressure [kPa absolute]

E
ng

in
e 

lo
ad

 in
 IM

E
P 

[b
ar

] Maximum engine load  
with EGR and delayed 

combustion timing

Typical previous maximum 
engine load on gasoline



Additional Challenges 

Heterogeneous Chemistry

 

 



Alternative engine architectures

offer a promising path forward

Example: Achates Power 2-Stroke Engine
Opposed piston, ported architecture permits 
design flexibility not possible with poppet valve architectures

Heat transfer and exhaust enthalpy losses addressed by:

 Unique piston shape promotes strong tumble motion and breakdown

 Turbulence, swirl, and tumble rapidly attenuated during expansion  
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A 20 year perspective... 
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Expectations of exponentially increasing

computing power should be viewed cautiously 
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