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: 2\ Internal Combustion Engines (ICEs) will dominate

CRE. the vehicle fleet for several more decades

@Eneray

/ “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.”

“...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

! 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.
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“ICEs are cost-effective, reliable, durable, and exhibit fuel flexibility”
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DOE Advanced Engine Combustion Program

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

Advanced Combustion

Engine R&D

Thrust areas:

Advanced Combustion Emission Control

R&D R&D

Solid State Energy Conversion

Performance Targets:
Light-Dut

2015 2020 2015 2020
Engine brake 559
thermal efficiency °
Fueleconomy 55 _ 400, 35— 50% 30%
improvement
NOx & PM Tier 2, EPA
emissions Bin2 Standards  Standards

COMBUSTION RESEARCH FACILITY

() Sandia Nationa Laboratories



m‘

CRE  Advanced Combustion Technical Barriers

« Engine development inhibited by:

- 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

2-119%, 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

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

Durability

Materials, lubricants, peak pressures

Cost

Market/consumer acceptance
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Advanced Combustion
Examples of supported projects: Experiments

8 | “ Single—cylinder
%4 ] optical engines L&
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Multi. & Single-Cyl.
Test Engines / Benches
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A\ Advanced Combustion
CKE. Examples of supported projects: Simulation

Engineering |\ Nozde /
LES & RANS "

MUlti-zone
el | KIVA4-mpi
- Parallel
- Finite element
- Unstructured mesh

studies 105
Algorithms &

Numerics

Simulation time (chemistry only) for

10t 106 cells on 32 processors

10° |+

Sparse matrix
. Tesla K20 10° |
Fuel surrogates s
J :j\v 2496 Cores 10t | solvers
4% N
Chemical — @52,895.99 O AT ]

874 species
iso-octane now
only 1 day

Kinetics

Mechanisms
e

101 |

Chemistry integration cost [days]

102 Direct dense LU (internal J) —%— 1
Commercial chemistry solver

LLNL adaptive preconditi?ner (current) —e—

10-3 il . . :
10 100 1000 10000

Number of species
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CRE  Emission Control Technical Barriers

Deficiencies in fundamental understanding and modeling capabilities
Need high effectiveness over broader temperature range (cold start)
Inadequate sensors for process control or diagnostics

Inadequate methods for rapid-aging

Cost/Packaging constraints on the vehicle

NOx after-treatment
Degradation from sulfur (even at 15 ppm) and thermal processes

NOx adsorbers: fuel penalty, conv. efficiency vs. temperature, Pt content, sulfur poisoning

Selective Catalytic Reduction (SCR): catalyst deactivation, incomplete reaction products

Ineff. engine mgmt. for regeneration and desulfation (LNT); poor reductant utilization (SCR)

PM after-treatment

- Regeneration strategy, DI gasoline, particle number and size regulation

HC/CO

- Hydrocarbon SCR: conversion efficiency temperature window, early development stage

- Oxidation catalysts: high temperature durability, HC & CO oxidation efficiency
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Technical Focal areas:

- Mechanisms of catalyst deactivation

Emission Control Projects

. Systems with 90% conversion of all emissions below 200C

- PM from DI gasoline due to new regulations, different size/morphology vs. diesel

Example projects:

Thermal Aging effect
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SCR Cu zeolite kinetics

High resolution imaging
of PM filter loading

Collaborative health effects studies with Health Effects Insti-
tute (HEI), Southwest Research Institute, Lovelace Respiratory
Research Institute, and Coordinating Research Council (CRC)

For more information: www.cleers.org
Crosscut Lean Exhaust Emissions Reduction Simulation
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e
arriers/Challenges: Coolant

/ conduit N\
-+ Cost

Scale-up to a practical device —

Exhaust |

Solid State Energy Conversion Barriers & Projects

gas in|etS b s

Device/System Packaging
alve flap

Inadequate methods for rapid-aging

Component/System durability

Focus on materials & demonstration projects

. Competitively selected cost-shared 2nd Gen TEG projects:

- GenTherm Develop commercially viable advanced TEGs,

improved technology for manufacturing TE

- General Motors
devices, and assess feasibility and cost reduc-

- GMZ Energy tion for production volumes of 100,000 units

* NSF and DOE/VTP MOU rr'. o - Na.tional Science FOt'mdat.'ion
on automotive thermoelectric < ﬁ BT Givison of Chemic, Broenginecring
materia|5 development e = Environmental and Transport Systems

Projects coordinated
with:

DRIVING RESEARCH AND INNOVATION FOR
VEHICLE EFFICIENCY AND ENERGY SUSTAINABILITY

N

2Ist CENTURY TRUCK
PARTNERSHIP
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Partll:
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:

« Engine efficiency
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I Comb. Loss

Heat Transfer

I Exhaust
B Pumping
I Net Work

9-11 bar IMEP

Transportation Combustion
Engine Efficiency Colloquium,
March 3 -4,2010

Adapted from David Foster (UW),

Conv.
Diesel

\

Vo

/

)

How do we improve fuel efficiency?

Heat transfer:

f Flow
« Mean flows (Swirl, Tumble)
« Turbulence

- CR

- Lambda

- EGR

« Comb. Phasing/Duration
\ - Soot radiation

Geometry
« Chamber shape, B/S

< Temperature & Composition

( Exhaust losses:
Work Extraction
Comb. Phasing/Duration
Charge composition (lean, EGR
Linked to heat transfer

(interacts with gas properties to impact
\ work extraction!))
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N Why didn’t “adiabatic” engines deliver on the

promise of increased efficiency?

'« For conventional diesel combustion, Source: SAE 2011-01-0312

" increased wall temperature increases 60 ARAAAS AL LA
the exhaust gas energy by ~ the same m?ro%mg E
amount as the heat transfer is reduced 50 Exhaust Energy__ ¢~~~ &
(reduced y with higher temperatures """ 2o
decreases the ability to extract work by 40 [~ Conventional
expansion)

30
LTC

- For low-temperature combustion, the
increase in exhaust energy is less that
the reduction in heat transfer

Relative

200~ SNQ@Tm~——_ Heat Transfer

Energy (% of fuel energy)

—
'-‘-_‘_.----
-

——

- agreater reduction in heat transfer is ob-
served under LTC conditions

Conventional
10

- agreater increase in exhaust energy is also
observed, but more work is extracted due to 0
highery

U N TN N O TN T O O N T N T O TN TN T N
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Wall Temperature (K)
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A\ Principal challenges™: Integrated fuel injection
CKE. and spray models

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

- Robust, grid-independent engineering design codes needed to capture:

Internal nozzle flow phenomena:

- Cavitation - Wear - Structural interactions

Coupling to external flow:
- Flash boiling - Primary and secondary break-up mechanisms
- Spray penetration - Droplet size distributions
- Droplet-gas momentum transfer - Droplet interactions with turbulence field
- Multi-component vaporization - Modeling for trans/super-critical conditions

- Experimental validation data needed:
- High-speed, high-resolution measurements of spray structure in the near-nozzle region
- Impact of atomization regime on subsequent entrainment and mixture preparation;

- In-nozzle flows and cavitation

- Many models will need to be developed from high-fidelity simulations (LES, DNS)

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

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



£ 2\

Tgas=440 K, peg p = 1.6
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A Spray models may be strongly dependent on
CREL the specific thermodynamic conditions

Regime Diagram for Liquid Injection

| i [ | | I
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_120F ==
=
=
=100 —
n Kn = 0.1
=
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N
5]
=~ = Kn > 0.1 Injection  __
60 : : Conditions
% Classical Sp_rays
O 40 i ,
 Fuel Critical Point (660,18)
| | 1 B 1 1 1 1
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At lower temperatures and pressures, dis-
crete ligaments and droplets are observed

A higher pressures and temperatures only
diffuse interfaces are observed

Model development will likely require both
simulations and experiments

Imaging techniques require refinement
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Principal challenges: Flow Modeling

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

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, S, Cl) desirable

Validation will be a challenge — moving beyond simple statistics

« Cycle-resolved measurements of flow structure, mixture distribution, ignition,
and pollutant formation required

Modeling efforts will be central the improvement of RANS-based codes
- Models will need to be developed from high-fidelity simulations (LES)

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



Computational cost and physical content
are not perfectly correlated

S

Graph adapted from Gatski & Jongen
Prog. Aero.Sci. 36 (2000):655-682

Computational -
1 Cost
D<uiuj> ~<ujuj> Ek &7
Dt k Dt :
Rodi Reynold Stress
B Approx. Closure
=t _P+D—¢ (RSM)
Dt
Algebraic
Stress
A
Same physical
content
Samte mathematical form
Y
| Non-Linear | > Algei);g)i“ccgtress
6-10% Eddy-Viscosity (EARSM)
computational
cost increase Linear
(CFD only) Eddy-Viscosity
| (k-¢) Physical Content

Dynamic Range

The “best” model is one which provides sufficient accuracy at the most
economical cost. A heirarchy of models or approaches is needed
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| Non-linear, EARSM-based relationships can

significantly improve predicted turbulent stresses

EARSM: Wallin & Johansson, JFM 403: 89-132

0.15 —

o
-
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o
o (8]
»

Normal Stress Anisotropy [Sg]

2k fle :
-0.05 |
2
k . - -0.1 —— Measured
+ 2(_) (Sikaj _-QikSkj) [ .
€ 015! —— Std. Linear
0 2: —— EARSM
) 50 -40 -30 -20 -10 0 10 20 30 40 50
Crank Angle

- The standard linear stress relationship fails profoundly
- The EARSM-based stress relationship s a significant improvement

- Re-distribution physics are retained
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N Direct numerical simulation (DNS) can resolve
CRE,

long- standmg issues in the modeling of C83

0.06 w w ‘ 1.6 : ;
_ Spherical compression — 14 1-D compression
£ o005 0.6 < (k/e) S <23 2 M 0.4 < (k/e) S < 4.2
S C3=0.99 S 12t % C3=1.10
+— +— \&
5 0.04EW GCJ ' \
4 17
2 ! O kDNS s 087 §
S 0.03" ] s
O —koptC3 O 06
w w e
< 0.02 ] o 04 N,

® £DNS oal
——& optc3 e
0.01 P ‘ ‘ ‘ 0 k opt C3 ‘ | |
0 0.5 1 1.5 2 25 0 0.2 0.4 0.6 0.8
t t
2 ~
De Pe¢ S
E = C817—C8 74’(1 83/,')8(V'U )‘I‘ Diffusion

- The kand g equations, with standard values for the coefficients Ce, and Ce . can match
the DNS predictions well with C ~ 1 (Strain dependent coefficients may help further)

« The DNS results were obtained at very low Re ~16; compression times are small com-
pared to //u’

RANS turbulence modeling could benefit from fundamental DNS studies
with modern computing capacity
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. CRFE_Principal challenges: Multi-component kinetics

“Kinetics impact both auto-ignition and flame propagation processes ”

AT e

10-90

- Diesel fuel is an enormously
complex mixture of i S e
compounds with vastly |
different physical and

@ cycloparaffing

@ monoaromatics

@ naphthalenes

chemical properties §Z
2

« Most simulations of diesel L

combustion are currently §

performed using kinetic §

mechanisms developed for

n-heptane ‘

200 300 00 50 60 700

How can we realistically handle Boiling Point (°F)

the kinetics of real fuels?

“n-heptane

Source: CRC Report No. FACE-1, July 2010
Acknowlegement: Chuck Mueller, Sandia
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LA Considerable progress has been made in defining

appropriate surrogate fuels

1 2 n-hexadecane
G S Ve (C16H34)
M (2é21;tl43-:'}5,8,8-heptamethylnonane
) CARBON TYPES )
- Carbon bond types, physical il e nouierconeuane
. . . 2. n-alkane CHz (secondary C) (C10Hz20)
properties, and autoignition ko] L £~ decalin
characteristics are considered 5. cyelo-alkane to cycloalkans CH (ertiary C) sl
" " = et ah {temary.c} ' 1,2,4-trimethylbenzene
to define a “pallette” of s sl e —@- (Catlrz)
10. aromatic to aromatic C (quaternary C 9
surrogate fuel components . aipnatcC qutamary O O
@ 1-methylnaphthalene
(C11H10)
Pallete:
n-alkanes branched alkane « Validated kinetic mechanisms
PSS-Sl § % 2244568 heptamsthy. are available for several of the
va\/\/ww) paIIete compounds (v)
naphtho-aromatic
\/ n-eicosane (CyoHj45) . R .
OO g | - Regression analysis can be used

aromatics

-0

cyclo-alkanes

n-butylcyclohexane

(CoH43)

trans-decalin

(CroHse) v (Crude) (CriH1o)

1,2,4-trimethylbenzene \/

1-methylnaphthalene

to adjust the fraction of
components from the pallete to

best match specific fuel types

v
Sources: Energy & Fuels 26: 3284, 2012

WIJ Pitz, DOE Merit Review 2013
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. CRE  Principal challenges: Wall interactions

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

- Heat transfer is poorly understood in engines '\ieaf'twa”d¢ using
structureaq-
Law-of-the-wall based formulations for velocity & tem- illumination
perature boundary layers are: >AE 2012-01-1718

- Inconsistent with transient nature of engine flows
- Inconsistent with compressible turbulence models
- Reported to fail in swirling flows

- Not validated on a detailed level

- Advances in measurement techniques and

— 1 mis 0.25

high-resolution near-wall measurements are Wall

becoming available, but more are needed RS S 6 S S0 m s

e m w w a r o R R om om o we

R e R TR T

PR g J s NP s e E
- Wall interactions also include spray interactions, \ | 7z2=22o22o SN - o &
. L sty T o el
film formation and vaporization LI “;\:“S;‘:E 8 .8
—_a <=1 YA A -
. SO T e R B
- Model development will benefit greatly from Bk i\ iRemnip gl L o0
high-fidelity simulations (LES, DNS) sl B A s Ay
-1.0 -0.5 0.0 0.5 1.0

position mm
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CRE  Principal challenges: Wall interactions

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

- Heat transfer is poorly understood in engines

Law-of-the-wall based formulations for velocity & tem-
perature boundary layers are:

- Inconsistent with transient nature of engine flows
- Inconsistent with compressible turbulence models
- Reported to fail in swirling flows
- Not validated on a detailed level

- Advances in measurement techniques and

high-resolution near-wall measurements are
becoming available, but more are needed

- Wall interactions also include spray interactions,
film formation and vaporization

- Model development will benefit greatly from
high-fidelity simulations (LES, DNS)

}_

Qualitative PLIF imaging of D2 suggests dis-
crete droplets are formed from piston-top films:

-12.5°aTDC

10° aTDC

w
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Apparent heat release rate [J/°CA]
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CAD
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N Principal challenges: High-pressure, dilute

combustion

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

Acknowledgement: John Dec, Sandia
. With sufficient boost, high HCCI power densi- | ve———— e |
. . . . . 1 | with EGR and delayed
ties can be achieved with very low emissions combuston iming 7/7
- 87 octane gasoline
- No knock, stable combustion N
o ——— .
- Ultra low NO,/ soot T et e |
- 47-48% indicated efficiency over 8-16 bar IMEP

-—
o
|

=
N

o

N

Engine load in IMEP [bar]

o

. . . e . . 50 100 150 200 250 300 350
High pressure ignition chemistry of gasoline- Intake air pressure [kPa absolute]

like fuels is still not adequately captured

« "HEDGE" combustion

Runs close to knock — transition to & mechanism of rapid latter burn not understood

"ﬂ_.i:
R] |‘=:II

RIS “PREMIER” (natural gas) combustion B

- Models for dilute combustion must have well-understood range of applicability
(premixed through mixing-controlled; flame propagation through autoignition);
require little user knowledge of combustion regimes
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CRE_Additional Challenges

Heterogeneous Chemistry

- Soot modeling

Soot particle number now regulated

- Surface chemistry and physics

n
56t ms

oxidation
agelomeration

surface reaction
and coagulation

Particle inception

w.
gt

g

Fractal clusters
"?'-wr_,'lnm

Critical for low-temperature cataly- PAH formation @ @
sis, filter regeneration 10:ms @
O O
Precursor _ O I Of-
Engine Brake Thermal Efficiency (%) molecules - . H. LFE[GKiIﬂ-ES
& L DD CH, . H
Cat C15 é gé L €, Hy, v heptamethynonane
61 10.5 bar BMEP 45 Eg
D %— e Source: J. Chem. Theory Comput. 2:504 (2006)
~ 60 )
?E \\v’f g_
$7 : . Turbocharger / Air handling technology
. P“"’""'”“we"“ /_/ Limits practical application of high-
& — o efficiency combustion techniques
42
40 T T T T T T T ¥
35 40 45 50 55 60

EGR Rate (%)
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' A\ Alternative engine architectures
CRE. 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:
- Reduced combustion chamber surface area

- Combustion and in-cylinder flow control
Unique piston shape promotes strong tumble motion and breakdown
High near-TDC turbulence levels promote rapid burn
Turbulence, swirl, and tumble rapidly attenuated during expansion

2.0 25
e Swir|_Ratio

2 In-cylinder Flow —— Tumble_Ratio_X TurbulentK P
e i i R v G = Tumble_Ratio_Y 20 | EFnerav
ks r\ umble_Ratio_ Energy
% 00_ _________________________________ \ 'I 5 [ S P SRS SRy 1 S PR Ry SR —
— —_—
T 10F - eI S /SaEEE EEETEEEEE EEEETEEE B g T o R S S
&
§ A e A I N At il St 0.5 [\
(V2]

-3.0 0.0

90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 90
Crank Angle (aMinV) Crank Angle (aMinV)
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CRE A 20year perspective...

|IC Engines will remain the dominant transportation powerplant

Increased fuel efficiency (low CO, emissions), with criteria emissions compliance,
will be a major driver for engine design

Engine design and calibration will be largely performed via simulation, with limited
testing for confirmation

Alternative engine architectures will penetrate niche markets (where fuel effi-
ciency is king and packaging constraints less severe)

Experimental capabilities will allow detailed 3-d measurements of flow and scalars
Near-wall and high pressure/temperature techniques will advance

High-accuracy, high spatial- and temporal-resolution measurements (i.e. small-
scale turbulence) will remain challenging)

Simulation capabilities continue to advance, driven by advances in numerics, more
efficient modeling, and hardware advances

Direct simulation of spray break-up processes in sight
LES-based design tools will be used to design for minimal cyclic variability

RANS-based tools will remain important for optimization and calibration
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'+ Increased semiconductor

' feature density will not
continue indefinitely
Vertical integration, multi-state
logic, “More-than-Moore”

diversification, non-silicon
extensions will all help

Some argue ‘no-limit’to scaling

- Low power solutions will be
essential

Thermal management

Cost (~ $20M/yr electricity for
exaflop computing)

Moore’s law:

Expectations of exponentially increasing
computing power should be viewed cautiously

1000 |

’4086

10 nm ~ 20 atoms
Possible end of CMOS 7
scaling -, ]

‘e
L Pentium
_: ]
S
b—T
= 100} Proj.
E s 14 nm
= FPGA
& N
E Xeon 22 nm(i3
10} 3-D
1970 1980 1990 2000 2010 2020
Year

Modeling — and subsequent implementation into lower computational
cost design tools — will be part of a balanced research portfolio
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