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Collaborations

____________________________
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CATERPILLAR’

*Program coordination
*Test/Analysis

*Truck/Machine system
integration and packaging

Combustion

National
Laboratories

*Optical diagnostics

*Fuel spray and
combustion

*Fuels effects
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*In-cylinder heat transfer
*Exhaust Availability

-Leverage advanced
materials CRADA

Ex¢tonMobil

Research and Engineering

*Fuels effects

*Combustion
Chemistry/modeling




CATERPILLAR’

Outline
* Program Overview/Purpose
. 2008/2009 Focus Areas
* Technical Approach
« 2008 Program tasks .
» 2009 Planned Program Tasks ! . .
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CATERPILLAR’

Program Overview

Timeline Technical Barriers
= Start: 8/01/2005 = Mixture Preparation | Air Ut_iIi;atiqn
= Finish: 6/30/2009 — Eécgfflrfpsgé%%fsqaﬁom emissions with
—  Excessive soot at high BMEP (4 > 0.8)
Budget = High heat rejection
- . . — Increased EGR requirements
Total PI"OjeCt Fundmg (Phase 1’2) — Increased in-cylinder heat transfer with
» DOE - $10,309K Heer -
« Contractor - $10,309 (Phase 1,2) ©  Fower density / load capability
— ylinder pressure and rise rate limits
* Funding received FY08 & FY09 —  High equivalence ratio at high BMEP
= DOE ~ $2.700K’ = Robust gombustion control
—  Transient control of HCCI (PCCI)
= Contractor ~ $2,700K —  Combustion feedback sensors
Pal'tnel's —  Combustion mode switching

= Exxon-Mobil
» Sandia National Laboratory
» Oak Ridge National Laboratory
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1 As per FY2008 & 2009 plan




CATERPILLAR’

Purpose of Work

« Assess production viable low temperature combustion technology building
blocks to enable a low emissions and high thermal efficiency (46%").

46%' | |
Reduced

> "

o parasitic

] Optimized losses

() 2007 baseline coolin

& Ovtimized Improved air 9

= P |m|ze. system efficiency

g combustion

f =

(7}

£

- Increased cylinder

° pressure limit

(1)

o High Efficiency Combustion
Minimize combustion duration
Optimize combustion phasing
High equivalence ratio combustion

) Clean Combustion
Why Low Temperature Combustion? Low NOX emissions
- Potentially short combustion durations are thermodynamically attractive Minimize soot emissions

- Low NOx and PM emissions reduce or eliminate need for aftertreatment
—>Reduced backpressure and lower cost
—>Reduced regeneration cost

1 As Per Solicitation DOE Contract: DE-FC26-05NT42412
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CATERPILLAR’

Technology Barriers

* Assess production viable low temperature combustion technology building
blocks to enable a low emissions and high thermal efficiency (46%1").

\ROERY, e
B ..‘.. ;3 |

Q@ Mixture Preparation / Air Utilization
OD g5 Technology

-
gchnology Development ¥ Gaps —  Excessive HC,CO and soot emissions with

[}
- Y -

~V"‘ PR

Gap Analysis

) . q
Evaluate Production readiness

HCCI - type combustion
—  Excessive soot at high BMEP (@ > 0.8)

High heat rejection

— Increased EGR requirements

— Increased in-cylinder heat transfer with
HCCI

Power density / load capability

—  Cylinder pressure and rise rate limits

—  High equivalence ratio at high BMEP

Robust combustion control
—  Transient control of HCCI

—  Combustion feedback sensors
—  Combustion mode switching

Potential °Evaluate customer value
RSP’ = aluate competing technologies

olutions

Production
Viable
Solutio

Caterpillar Non-Confidential 1 As Per Solicitation DOE Contract: DE-FC26-05NT42412



CATERPILLAR’

Key Focus Areas
 Combustion & Power Density

— Characterize the HCCI combustion process & technology
gaps using experiments & simulation (gap identification)

— Investigate the use of fuel blending to improve the load
range

— Visualize early injection events in order to optimize the
spray injection

— Assess lifted-flame combustion (local premixing) as an
emissions building block

« Control
— Develop algorithms to enable combustion mode switching

« Heat Rejection
— Reduce engine heat rejection
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CATERPILLAR’

2008/2009 HECC Milestones (1 of 2)
2009

Injector orifice geometry investigation

Precision cooling (project suspended before
completion)

VCR bearing redesign

C15 PCCl demonstration

PCCI combustion modeling, spray and wall
impingement model improvements (project
suspended before completion)

Sandia injector upgrade

Lifted flame combustion development
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CATERPILLAR’

Technical Approach

%%
Combustion

Development

, GEDNA/LPSD
Combustion ( :

Research Perkins/LEC/Solar)
(ET)
Combustion Modeling : Injector
CAT3D/XFD/CATMZ/FIRE | Air-System Development
(ET) Development || (el Systems, ACP)

(ET/MEC)
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CATERPILLAR’

Single-Cylinder Engine Testing

ObjeCtive: K}Rirliwum
it
— Quantify the fundamental relationships 50 " [ Lower BuEP
between control parameters and engine ower

performance and emissions
- Input to 0-d combustion model for
engine system simulation and basis for .
model based control
40 Rise

- Define optimal combustion mode for Rate Limit
improved thermal efficiency 35

"7 | [] Higher BMEP
Air-fuel

50 . ..
ratio limit

EGR (%)

T T T T T
-10 A ] a 1a 14

Phasing (ATDC)

Fuel Efficiency BSCO (g/hp-hr)
65 _ (BMEP at fixed fueling)

\: Combustion Retard

» Approach:

— Extensive exploration of key control
parameters

— Generated response surfaces to key sa| Minimum
control parameters IVA Limit

55

a0 -

B: Phasing

« Accomplishments:
— Established the effect of key control
parameters on engine operating limits
EGR, IVA etc. 40

— Demonstrated 4% BSFC improvement Rate Limit o
@ BMEP < 750kPa I S e o T B T,

EGR (%)

45 @

Combustion Retard

Rise Rate Limit

-5 0 5] 10 15

Phasing (ATDC)

Background work, FY 2007 & Early 2008
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CATERPILLAR’

PCCI Combustion - Fuel Blending
Technologies to Increase HCCI/PCCI
Power Density & Load Capability

 Fuels
» Load range is affected by cetane number
= High volatility fuel increases the injection window (mixing)
= No commercially available fuel meets all requirements
» |nvestigating diesel / gasoline fuel blends

Boeiling Range (T10-T90) vs Crank Angle

Engine Operating Range vs Derived Cetane Number Typical C15 at 450 kPa BMEP
CR 12 &14 ann ¢
w1800 . /
§1600 - = 200
& 1400] ) Méximum Achievable Load g /
1]
=1200 o ® 2 700 /
— [}
§1000 \. g - To0
< 800 E T10/7j
& 600 ' - = 500 h
2 ,.o[_Mihimum Achievable Load | **= = T90faes

© . Bailing
2 —— - 2400 1o boin

1200 rpm o ] Gazoline Builing Range
= 0 P T T T T T ] SDD T

n— T T T T
=
20 25 30 35 40 45 50 -180 -150 -1Z20 -80  -BO -30 a
1QT Derived Cetane Number Crank Angle (deg)
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CATERPILLAR’

Optical Engine Testing with
Sandia National Laboratories

Overall Objective: Use Optical Engine to study early injection wall impingement.

2008/2009 Objective:

— Upgrade to a fuel system representative of
current production

— Enable higher injection pressure capability
— Enable multiple injection capability

Approach:

— Upgrade to Caterpillar Common Rail fuel
injector

Accomplishments:

— New fuel injectors and ECM delivered to
SNL

— Cylinder head modifications complete

— High pressure fuel supply upgrade — in-
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CATERPILLAR

Effect of Early Injections on Piston
Impingement

|I’IJIBC‘.[IIJI’I Injection E EGR Intake Load Boost

Timing | Pressure H [%] Temp. gIMEP [bar]

["ATDC] [MPa] ) ['C] [bar]
Baseline Condition 395 142 0.39 50 42 4.82 1.418
Injection Timing Sweep '5_3'955"’ 142 0.39 420‘32"’ 42 1.82 1418
Injection Pressure -36.3 to 47, 95,

395 e 0.39 50 42 4.82 1.418
TZT @ ZU60 10 |
and Boost Sweep 395 142 0.58 50 12 182 1.132
EGR 1.188 to
and Boost Sweep 395 142 0.39 30 to 70 42 4.82 1.949
Intake Temperature 1.373 to
and Boost Sweep -395 142 0.39 50 32 to 62 4.82 1.508
Intake Temperature 0.39 to
and Equivalence Ratio 395 142 0.41 50 32 to 62 4.82 1.418
Load 3.82to | 1.203 to
Land Boost Sweep 395 142 0.39 50 12 5.83 1.629 iy

SANDIA Lab, C. Mueller

CAD =-23.9
800us aSOla
w

C =-61.2
1180us aSOla
C. Mueller

\N

SOI=-69.5°ATDC SOl =-29.5°ATDC
Early Injections Lead to Liquid Fuel
~mpinging on Piston Top




CATERPILLAR’

Variable Compression Ratio Engine

» Variable Compression Ratio
» Effective means of extending load range at the expense of compression
ratio
» Optimal phasing does not outweigh expansion ratio loss to reach full load

» May be adequate if using HCCI/PCCI only for NOx emissions control
» Does not address diesel liquid fuel impingement

* Objective:
— Reduce parasitic losses associated with
VCR engine
— Design a more robust eccentric crank
bearing system

» Approach:
— Redesigned crank carrier bearing system
— Conducted FEA and rolling element analysis

« Accomplishments: VCR - US Patent
— Analysis predicts acceptable bearing life Application
with new design 2006/0112911

FY 2008
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CATERPILLAR’

Precision Cooling

Reduced heat rejection in the cylinder block
Increased enthalpy in the exhaust gas
Reduced thermal stress in the engine block

Objective:
— Develop a method to analyze precision cooling

— Apply method to predict baseline and evaluate
alternative configurations

Approach:
— Combination of 1D simulation & CFD
— Application of FEA

Accomplishments: R

— Baseline analysis completed & correlated with
experiments (pressure drop)

— Thermal data correlation - 15t pass (currently on
hold)

FY 2008
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CATERPILLAR’

2009 HECC Milestones (2 of 2)

Lifted flame combustion development

Literature review: transient control of PCCI

Steady state engine tests for transient control
model development

Transient control strategies development &
hardware procurement

Multi-cylinder engine testing for
demonstration of transient control

Wells to wheels analysis for heavy duty
applications

On-Engine testing of fuel blends

Caterpillar Non-Confidential
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CATERPILLAR’

« Objective:
— Energy audit comparing Sl, Cl and HCCI/PCCI

combustion processes for heavy duty
applications

— Quantify benefits of alternate combustion
regimes as enabled by alternative fuels for
heavy duty applications

» Approach:

— Detailed system wide and individual
component wide analysis of energy flow

— Engine system simulation combined with field
data to evaluate effect of different heavy duty
application work-cycles on the powertrain
efficiency

* Accomplishments:

— Completed energy audit on two different off-
road heavy duty applications

— Completed comparison of the impact of
alternate combustion regimes on efficiency in
heavy duty applications

— ldentified opportunities for applying alternate
combustion regimes to improve efficiency of
heavy duty applications

Caterpillar Non-Confidential
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Tank-to-Wheels Analysis
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CATERPILLAR’

Gasoline / Diesel Fuel Blend Testing

o Objecnve C15 Engine Simulation Results
- ) e 1 i 0%
— Assess at|3|I|tgj/ of ‘modified’ fuel propertiesto z= 3 - 7% improvement with Advanced PCCI
increase load range &
. . . . £ 45% .
— Improve thermal efficiency by increasing the 3 ZZal
load range of PCCI combustion g -
.. . . . . 0%
— Reduce soot emissions in diffusion combustlonE
regime £ [ ——Froduction Engine
o 2% ——Diesel PCC
E Agvanced EC(;:I Fotential
N Approach: o . | | | . RlselRate Ll.mlt .
— Test multiple gasoline / diesel fuel blends with 450 650 850 1080 1250 1450 1650 1850 2080
a range of derived cetane number on single- BMEP (kPa)

cylinder test engine.

— Characterize impact on combusting spray
using optical techniques in high-temperature
spray vessel

» Accomplishment:
— Testing currently in-progress (March — April)
— Results currently being processed FY 2009
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CATERPILLAR’

“| ifted Flame” Combustion

2008 _ demonstrated Order Of Effect of Increasing Number of Plumes on Emissions Performance
magnitude soot reduction with 6-hole 4
nozzle, but nozzle lacked flow capacity 35 1

for a 15 L engine 3 1
« Soot emissions increased with increased g 25
number of holes o,
-
 Objective: Z 15
— Understand soot emissions increase with 11
increasing number of holes 05 |

— Maximize the low soot benefit of “lifted
flame” combustion through optimization of
injector nozzle and combustion chamber
geometry

Approach:
— Investigate plume — to- plume interaction of
a combusting multi-plume spray using high-
temperature spray vessel (Jun — Aug)

— Optimize injector nozzle and combustion
chamber through combination of combustion 6 Hole 10 Hole
simulation and single cylinder engine testing.

(Sept — Dec.) FY 2009
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CATERPILLAR’

Combustion Mode Transition

Challenges

Expectations « Adding / removing EGR quickly (if resolved can
*No perceivable torque blip support the Tier 4 Interim challenge during the
* Minimal emissions spike (limit to transients as well)
current transient spikes) * Robustness of PCCI combustion (hardware variability
» Minimal changes in high load effects?)
performance (?) » Significant timing change (torque blips?)
* Minimal cost and complexity » Open loop control of PCCI combustion
impact (?)

1009

795%

BMEP
EGR %

509
259
0%

Speed FY 2009
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CATERPILLAR’

2009 Combustion Mode Transition-
Deliverables

Define methods

e Combustion data as
input for transient model
development

e Model for controls
development

e Controls strategy
recommendation

Apr-09| May-09

to allow PCCI e Understanding of what is
option limiting transition e Hardware definition
Re-evaluate PCCI data review
 / value of PCCI v

Report out
final testing
and analysis
results

July-09 | Aug-09 | Sep-09 | Oct-09 | Nov-09 | Dec-09

U 4\ AN )
Y Y Y !
4 Transient engine Multi-cylinder Multi-cylinder
Past Data Single model development engine engine
analysis & Cylinder for evaluating control development demonstration
literature Testing strategies (PCCI->DI) of controls of controls
review
Deliverable Activity
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CATERPILLAR’

Summary

Performance - HCCI/PCCI (low temperature combustion)
potentially offers increased thermal efficiency with reduced
requirements for DPF regeneration. Demonstrated 4% BSFC
improvement below 750 kPa BMEP. Low load fuel economy
benefit will be application dependent

Control - Inability to adequately control combustion phasing and
liquid fuel impingement limits the load range and thermal efficiency
benefit of diesel HCCI/PCCI

Fuel Chemistry - Fuel blending (gasoline & diesel) is one method
to increase load

Combustion - Lifted flame combustion is a potential low-soot
diffusion combustion technology that is compatible with
HCCI/PCCI. Demonstrated order of magnitude soot reduction.
Plume-to-Plume interaction is a challenge

Caterpillar Non-Confidential
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