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. HPLB
Overview University

Consortium

e TIMELINE
— Start - Oct 2009

* BARRIERS ADDRESSED
— Fundamental knowledge of

— Finish — Dec 2012 engine combustion (B)
— 15% completed — Emissions control (C)
« BUDGET « PARTNERS
— Total project funding — Universitie.s - UCB, MIT
— DOE - $3,000K — 8<|3\>Iﬁllfo'&al\tllfns — SNL, LLNL,
— Contractors - $750k — Industrial - GM, BW, Bosch,
— Rec'd FY09 - $614k Ford, BP

— Rec’d FY10 - $1,000k
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. . HPLB
O b_l ectives University

Consortium

DOE Vehicle Technologies Technical Targets

* Previous Consortium FY09

— Expand the operating range of Peak Eng. Eff. from 34% to 45% brake eff.
LTC engines at both high and low Vehicle Eff D T e—
loads . Emissions Tier 2, bin 5
— Develop models of critical 70
combustion phenomena, and | ! | ' ]
engine-vehicle systems L e0l HD TRUCK GOALS _
_ < | CURRENT ]
— Acquire knowledge of new fuels § N HD ENGINES \ ﬁﬁ ]
* Present Consortium FY10 25 =~ |
=
— Demonstrate path to achieve 20- {5 & 40 [ PEAK { P ~30% ]
5 : . : : L] - ENG. EFF. .
40% engine efficiency gain, with 30 L ./( 7 )
25% vehicle FE improvement. g E I / PASS.CAR  _,0.. {CAFE
AL ’
— Explore advantages of o 20 |-CURRENT AUTOS GOALS N
stratification, new combustion > - VEHICLE .\_. -- TP 1 3?2
. . [ — —
modes, and novel fuels in high L] 10 EFF. 1\
pressure, lean burn engines. 0 . | |
2000 2005 2010 2015 2020
Year
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HPLB

Approach University
Consortium

60 . ! ! ! ! ! L
' PIN = PEX ]
55 £ | Fualair properies | — 1 Bar
Use tools and knowledge from ~ ol | Fntetume | __ppgr
. . N [ | +heat transfer . ]
previous consortium to: S 6B 3Bar

X - > ~ 28%

. C 40f GAIN
* Focus on High Pressure — Lean Burn path L - ;
. . < - N = -
toward engine fuel economy gain of 20+% o S R=127
— Application to downsized and boosted, high :

compression ratio engines 240608 10 12 14 16
— Lean burn and high unburned temperature for @

thermodynamic gains

Mulit-Mode Combustion Diagram (MMCD)

KNOCK EARLY
CURRENT | " it [ coms

* Assess final, in-vehicle fuel economy results;

@UM

] — . 2500 }/(? 06 o4 NOx
(goal: 20 — 40% gains). ” s\“ > 3

— Mixed mode
— Load shifting

— Start Stop Alternators, Hybrids

ucB
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Project ID: ACE019
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Lavoie, et al. (2010) Combustion and Flame, Vol. 157 No., 1106-1110
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HPLB
Approach - tasks University

Consortium

Fuel Efficiency of Advanced HPLB Cycles (UM)

— Characterize new combustion regimes and assess their potential to
improve engine fuel economy in combination with novel engine cycles

* Charge Stratification Strategies (UM, MIT)

— Experimentally study stratification strategies for HPLB engines and the
interaction between fuel properties, heat transfer and stratification

* Maximizing Engine Efficiency via Multi-Regime Ignition Strategies (UM,
UCB)

— Investigate the fuel economy and combustion control potential of mixed
modes under high load and highly boosted conditions

* Fuel Chemistry Opportunities for Improved engine Efficiencies (UM,
MIT)

— Provide a quantitative understanding of the potential to enhance engine
efficiency through deliberate use of distinct chemistry characteristics under
HPLB conditions
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HPLB
Approach — task interaction University

Consortium

TASK 2.
Charge Stratification (UM, MIT)
ST MODELS,

— Explore fuel and thermal stratification and its

interaction with fuel properties and heat
transfer (RCM at MIT, CFD at UM) EXPERIMENTS

ANALYTICAL

TOOLS TASK 3.

Multi-Regime Ignition (UM, UCB)
\ @ — Carry out SACI metal and optical engine experiments
(UM)

TASK 1 — Continue CFD model development of SACI (UM)
- ' — Carry out MWASP experiments and modeling (UCB
Fuel Efficiency of Advanced HPLB i i 9 )

Cycles (UM) TASK 4.

~ Develop models of engines and Fuel Chemistry Opportunities (UM, MIT)

engine-ve MED EyEfHs I eeielsne — Explore fuel/stratification interactions in RCM
combustion modes and RCF

= WEWE ongoing FESESHMEN: O Feiorel — Assess novel fuel opportunities for improved
FE gains . . e . o
efficiency in modified diesel engine:

\ Gasoline/diesel/ethanol blends
In-vehicle FE improvement
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HPLB

Consortium experimental facilities University
Consortium
UM optical engine UM GM diesel engine UM camless FFVA engine
(SA-HCCI and fuels) (fuels/thermal stratification)  (multi-mode combustion)

| | UCB single cyl. engine UM rapid compression
MIT rapid compression (MWASP facility (ign. chemistry)
machine (fuel/stratification) il P T |

DDDDDD
AT 7>

Side X
. N
Injector Comb. bydraulic  hydraulic VR preumatic  pneumatic
\ Chamber \‘\\ "-:' chamber piston
- B, =Ty ) 7 T
/6]
il ‘ ‘ 0.22m
W[ N
ESSNE 4=;-_Q'/= A ; o
Window | N N e ooson
pin and groove
mechanism
4l

117m
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HPLB
Modeling tools available University

Consortium

* KIVA-Multi-Zone CFD simulation — (homogeneous and light
stratification)

* KIVA- RIF-ER model including effect of evaporation (strong
stratification)

* Matlab/Simulink - GT-Power engine and drive cycle simulator with UM
developed combustion correlation — includes turbo/supercharger
models

* HCT - Transient flame code (laminar flame and ignition)

* CFMZ - Coherent Flamelet Multi Zone (SACI model)
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Technical accomplishments HPLB

University

(previous consortium — FY09) Consortium

* Demonstrated increased P e R e — e
high load HCCI limit (8.6 g [owwon 2T | TR
bar NMEP) with boosted, — zw[ -~ {\
lean operation (agrees -l A PV LY S S
with J. Dec experiments). £ j gt SRR I O S Sl

* Developed HCT dataset Z —. s

of laminar flame o 1000 2000 3000 4000 5000
simulations in targeted WM LaminarFlame Speeds |
HPLB combustion regime 00| [—— ] 10| high Ty

Biofuel 200 | e e s 06 | Tegime

* Obtained RCF ignition 'gnition Delays L P +
data for several surrogate s mE LT DOE N
biofuel fuels for improved | "%« . I
kinetic modeling Ecm_ "’11\4' _ 400 600 80$u|(1£;)0'1200'1400
1

090 095 1.00 1.05 1.10
1000/T [1/K]
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HPLB
University

economy assessment — FY10 Consortium
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HPLB
Developed new wall function for CFD heat transfer University

Consortium
:: ‘: vy Dv:nsityu\;‘vc;:lo::nmions‘ NeW Varl able
* Model takes into account density &2 ) density model
iati i £t redicts incr
variation in wall cell predicts increased
ot J heat transfer
Within wall layer Standard Model New Model %-4N;;fnaf:§eg-;efﬁ ooure ol \
—L Standard W3ll Functions
Temperature Constant Varies °r Variable De’&“y Wall Functions
Density Constant Ideal gas law E i-
Based on Corrected with 8 g_
v’ /Prt incompressible temperature S°r
flow B
QAo
2t
0 02 04 06 08 1
* Results with multi-zone HCCI o ar Normalized Temperature
. = - ] Experiment .
model show improved agreement & | Standard Wall Functons
. . c~e [
with CO trends of Sandia HCCI ~ s& |
engine 29°f
83 |
ouw 1r Exps. Sjoberg et al.,
-t% SAE 2004-01-2994
o : 1 1 1
—=3 30 35
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HPLB
University

|ldentified 3 combustion regimes on Multi-Mode

diagram with data from UM FFVA engine Consortium
* Constant NMEP = 3.5 bar d FFVAvalve lift display
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SACI can bridge the gap between normal spark FAPLB
.. : University
ignited combustion and HCCI Consortium

* Results confirm the efficiency and emissions benefits of lean

combustion
ISFC ISNOXx
280 100
3.5 bar imep 3.5 bar ime
S|, throttled P
Slow 2000 rpm @SI throttled 2000 rpm
260 | burn  MBT spark 10} MBT spark
: £ e
: : PO
240 | '
; T 1 SACI
g X S|, EIVC, hot
e EIVC (hot) SAC| 2 @
w220 1 HCCl n 1
O’Tﬂ\ﬂ\a\ﬂ HCCI
200 , Supergharged 0.01 \ , \
0.8 1.3 1.8 2.3 2.8 0.8 1.3 1.8 2.3 2.8
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Developed CFD model of SACI

using new laminar flame speed correlations

HPLB
University
Consortium

Extended laminar flame speed data with 1-D

FLAME SPEED CONTOURS

MODELED LAMINAR

unsteady simulations (HCT) and showed that
— Ultra-lean laminar flames are viable provided the
unburned temperature is high enough
— EGR dilution requires higher T, than air dilution
for same flame speed (higher Cp)

3000
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. 2400
X
o 2200
-

2000 |
1800 |
1600 |-

Developed Coherent Flamelet Multi Zone model
(CFMZ) using extended laminar flame dataset

T ‘ T ‘ T ‘ T ‘ T
Air Dilute (0% EGR)
Phi = 1.0, EGR
Phi = 0.8, EGR

INCR. EGR;
DECREASING AIR

| \
400 600 800 1000 1200

— Initial results with CFMZ capture the deflagration T, (K Extended
and knocking combustion seen in previous SACI LTC regime
experiments at UM. Lean/dilute;

.. EXPERIMENT SPARK . CPMZMODEL high Ty,
. \_ 70BTC ° flame ||~ 70BTC
£ | ‘,: % ’ t
P . e 35BTC |:> P 2 Kook — 35BTC
% IAN $x .  transition
'-\QDSPK 5 NO SPK
' l ) ’ 180 210 240 270 300 230 2AN 2W@N 40 450 480 510 540
CA
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HPLB

Modeled the effect of plasma on ignition delay University
Consortium
* Microwave Assisted Spark
Plug/MWASP (UCB) Ignition delay predictions with and without plasma
— Modeling work shows that plasma 5| pl‘;":ga Igggm:::m:
decreases ignition delay. OH L
§0.004» < VI without
— Engine experiments are planned in 0002} ——+— plasma
CFR_englr_le with upgraded igniter from 06 104 102 100
Imagineering, Inc. time (ms)

MW Assisted Spark Plug MW enhanced plasma (0.1MPa)
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Obtained RCF and optical engine data HPLB

: University
on n-dodecane and ethanol/indolene blends ey

* RCF ignition delays for n-dodecane

demonstrate significant negative UM RCF data — ignition delays
temperature coefficient behavior for n-dodecane at moderate
. pressures (3-10 atm)
(i.e. accelerated low temperature
chemistry compared to high R \
temperatures), and significant g e s N
sensitivity to pressure + Shenctaldun P 1118 s a1
) ) . g . * Vasuet al. data, P=19-34 atm, =10 o
* The optical engine data with 3 F
ethanol/indolene blends show fuel £ T
blend chemistry affects phasing 2L 4 PN *
* Energy for ethanol vaporization is a B /ﬁ: 5
dominant fuel characteristic /“Z e
affecting phasing and HRR 0.84 0.90 0.96 1.02 l;gz/Tl[.:jK]l.ZO 1.26 132 1.38

Required Ignition
delay time for
engines (1-3 ms)
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: HPLB
Collaborations University

Consortium

* Initiated four year partnership with Bosch, AVL and Emitec to develop advanced
control strategies for multi-mode combustion and associated aftertreatment

* Studying sensitivity of spark-assisted HCCI engines to range of market fuels;
with BP and Ford.

* Working on boosted single cylinder HCCI studies with GM

* Working with Microwave Enhanced Ignition device supplied by Yu;ji Ikeda,
Imagineering, Inc., Japan

* Collaborating on SACI and combustion stability with Robert Wagner (ORNL)
* Supplied engine maps for HCCI to Argonne National Labs

* Collaborated with C. K. Westbrook and Bill Pitz (LLNL) on validating reaction
mechanisms for long chain alkanes, small esters

* Currently working with Ford on the next steps towards changing our optical
engine to direct injection.

* Working with Jacqueline Chen (Sandia National Laboratories), Ramanan
Sankaran (ORNL), Mauro Valorani (University of Rome, La Sapienza), Chris
Rutland (UWisc) on mixing effects on HCCI combustion.
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HPLB

Proposed work for FY10-FY11 University

Consortium

Obtain data from FFVA engine: TASK

— Calibrate GT-Power burn model for HCCI combustion mode
— Determine boundaries of SI, SACI and HCCI with external and internal EGR
— Set up engine for simulated boosted operation

1.

* Set up system level methodology of FE assessment for various combustion
modes

 Set up MIT RCM for stratification studies and obtain first data

* Continue KIVA subgrid modeling of fuel/thermal/stratification effects s

* Complete CFMZ model for SACI and apply to data from FFVA engine 3

* Test experimental MWASP system and refine kinetic model

* Set up modified GM diesel engine for gasoline/ethanol fuel blends. Obtain "
initial data set.

* Measure ignition delays of blends of NTC and non-NTC fuels in RCF at high
pressures and moderate temperatures.

* Validate reaction mechanisms for blends of HC and oxygenates with Charlie
Westbrook (LLNL)

® uvv UCB\ () MIT Project ID: ACE019 2010 DOE Merit Review - 18



HPLB
S umma ry University

Consortium

* Analytical tools and experimental facilities developed in previous years
are ready to apply knowledge gained to make progress toward the
FreedomCar and VTP fuel economy goals.

* Work over last calendar year has:

— Demonstrated full engine-in-vehicle fuel economy assessment tool
— Developed improved CFD models of heat transfer/thermal stratification

— Developed conceptual diagram to identify high pressure, lean burn
combustion regimes for SI, SACI and HCCI.

— Developed KIVA model of SACI combustion and extended range of
computer based laminar flame speed data.

— Demonstrated Sl, SACI and HCCI operation in new FFVA engine

— Obtained new ignition delay data for n-dodecane and ethanol/indolene
blends in RCF
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