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LTC University Consortium

Purpose

• Expand the operating range of LTC 
engines at both high and low loads

• Improve LTC system fuel economy 
benefits subject to emission 
constraints and new fuel requirements

• Implement HCCI in gasoline engines 
and overcome barriers to their use

• Explore transient issues and controls

• Use fundamental understanding and 
insights to develop practical solutions 
and transfer to industry

• Develop and use virtual HCCI model 
to identify most likely path for efficient 
stable HCCI operation and focus on 
that path
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Response to Previous Year Reviewer’s Comments
• “How will modeling be used to investigate the proposed ideas and which models will be used?”

– Fundamental understanding has been captured in models: KIVA-MZ for predictions of combustion 
efficiency, burn rates and emissions.  GT-power based HCCI system model for strategy assessment.

• “Need to focus on specific select solutions in addition to providing wide understanding”
“Beyond identifying barriers, what can be done to expand the operating range”
“Show the strategy and estimates for what the technology will achieve”

– We are focusing on advanced strategies for expanding the HCCI operating range: DI, VVA, Spark-
Assist, Thermal Management , Boosting, Fuel Blending. Recent model and experimental developments 
will allow fuel economy estimates over driving cycles.

• “Need to collate and compare information from the various test rigs”
– There is division of labor for the experimental setups and simulation tools are used to integrate the 

knowledge gained in the labs.
• “Emphasize multicylinder controls”

– Being addressed at UCB.  
• “Need to strengthen connection with industry and technology transfer”

– Industry connection and tech transfer have been significantly strengthened.  Monthly meetings with 
GM, Bosch and Borg Warner. Students hired by industry (e.g. 5 by GM, 2 by ORNL, 1 by Sandia).

• “How can the program be leveraged to help with diesel fuel work and what might transfer?”
“It is unclear where the team is going with the bio-fuels work”
“Why is aftertreatment modeling in the program?”

– Bio-fuels kinetics and aftertreatement modeling work has been published and is directly relevant to 
Diesel LTC.  Gasoline HCCI would benefit from blending with oxygenates.  Dual-mode SI-HCCI engine 
would still require a TWC; will HCCI exhaust temperatures be sufficient for effective HC aftertreatment?
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Barriers

• Operating range of LTC is 
limited by:

– Knock and NOx (high loads)
– Misfire/unstable combustion 

(low loads)
• LTC operation is sensitive to 

engine thermal environment, 
which affects combustion and 
engine controllability:

– Load transients
– Mode transitions

• Ignition characteristics depend 
on fuel composition
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Approach

User subroutines
§ Combustion
§ Heat transfer
§ NOx

Twall

Fuel
Injector

(DI)

Valve Actuation 
Strategy

Exh. Gas

Hot Air

Cyl.
Block

Fast
Flap 

Valves

Cold Air

KIVA-MZ

Virtual Engine in GT-Power

Optical Engine

Multi-Cylinder ControlDI/VVA Strategies

Boosted HCCISA-HCCI

Fuel Ignition 
Properties

Fuel Ignition 
Properties

Gas exchange,
residual control
Gas exchange,
residual control

Heat FluxHeat Flux



LTC University Consortium

Unique Range of Experimental Facilities
UM Optical Engine

(SA-HCCI and Fuels)
UM Heat Transfer Engine
(Thermal Management)

Stanford Camless Engine
(DI and Controls)

MIT Camless Engine
(Boost and Mode Transitions)

UCB Multi-cylinder Engine
(Boost and Controls)

UM Camless Engine
(VVA)
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Developed Virtual HCCI Engine Simulator (UM)
KIVA-MZ

• Developed KIVA-Multi-Zone in collaboration with 
LLNL

• Used KMZ to develop burn rate and combustion 
efficiency correlations as a function of φ, speed, 
EGR, geometry

• Validated numerical predictions against 
experiments

• Incorporated combustion and heat transfer 
correlation into GT-Power to develop virtual 
HCCI engine system simulation

-10

0

10

20

30

40

-8 -6 -4 -2 0 2

BURN DATA

C
A

 (D
eg

 A
TC

)

CA0 (Deg ATC)

EXPERIMENTAL
DATA POINTS

CURVE FITS

CA0

CA10

CA50

CA90

Exp. (Nissan, 2007) Model (UM)



LTC University Consortium

Development of VVA Strategies for HCCI (UM)

• Developed HCCI engine 
simulation tool based on 
experiments and chemistry/CFD 
modeling

– Virtual HCCI engine can be 
used to generate speed/load 
maps for various operating 
conditions and VVA strategies

• Explored the potential of VVA 
strategies to extend the HCCI 
operating range

– Demonstrated trade-offs which 
make recompression the 
strategy of choice for low load 
operation

– Rebreathing is advantageous for 
high speed operation where it 
can extend the HCCI load limit 
to 5 bar NMEP
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Wall Heat Transfer and Thermal Management (UM)

• Wall temperatures have significant impact on ignition and combustion 
• Developed predictive simulation tool and used it to design a controller 

capable of maximizing HCCI operating limits
• Provided open-loop control capable of accounting for instantaneous thermal 

boundary conditions and avoiding misfire and knock during rapid transitions

VVA CONTROL

Extended range

Twall
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• Demonstrated in the lab the 
potential of turbo-charging to 
expand the high load HCCI limit

– Identified factors constraining 
the Maximum Pressure Rise 
Rate (MPRR) limit of LTC 
engines

– Used gasoline and ethanol
– Successful mode transition in 

boosted operation (HCCI SI)
• Linked virtual engine with 

turbocharger model
– Evaluated performance of 

various VVA strategies under 
boosted conditions
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Direct Injection to Extend Low Load Limit (SU)

• Can achieve near idle HCCI 
operation with low UHC and NO 
emissions with fuel injected 
during NVO recompression

• Combustion phasing can be 
controlled with injection timing

• Exothermic reaction during 
NVO can be observed with pilot 
injection

• Simulations show extent of 
reforming reaction depends 
mostly on oxygen availability 
and in-cylinder temperature

Experiments and simulations of recompression reactions

Negative Valve Overlap
(NVO)

Extended low limit

Stanford Camless
Engine
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Spark-Assisted HCCI (SA-HCCI) for Enhancing Range and 
Control of LTC Engine (UM)

SA-HCCI has the potential to combine the thermal 
efficiency and emissions potential of HCCI with 
the extended operating range and simpler control 
of conventional engines

• Investigated spark assist as a means to 
– stabilize HCCI operation at low load 
– trigger volumetric ignition via compression resulting 

from a propagating flame front
• Single cylinder engine experiments successfully 

demonstrated that SA can significantly extend low 
load HCCI operation

– Optical engine studies identify transitions in ignition 
regimes and provide speed of propagation of 
reaction fronts form model validation

– Sensitivity studies quantified the level of control that 
can be achieved

• Currently developing sub-grid model for KIVA 
combining coherent flamelet model with 
autoignition chemistry

Zigler, Walton, 
Karwat, Assanis, 
Wooldridge, and  

Wooldridge, 2008
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Bio-fuels and blends for use in LTC engines (UM)

HCCI is tolerant to different fuel types; however, a 
predictive understanding of the fuel chemistry 
controlling ignition is critical to maintaining high 
engine efficiencies.  Little is known about the 
chemistry of fuel blends or  oxygenated fuels at 
low temperatures.

• Developed accurate reaction mechanisms for iso-
octane and other key reference fuels and fuel 
blends in collaboration with LLNL

• Explored reaction kinetics of oxygenated 
compounds such as esters, that can be blended 
with gasoline to extend HCCI load limits or as 
alternative fuels in PCI engines

– Oxygenated fuels showed dramatically 
different ignition behavior

– Experimentally measured ignition times for 
methyl-butanoate that were 2x slower than 
original LLNL mechanism predictions and 
contributed to revised mechanism

Oxygenate structure 
affects the blend 
potential for iso-
octane ignition.

Walton, Wooldridge, 
and  Westbrook 
2008
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Multi-cylinder LTC Engine Control (UCB)

• Demonstrated individual 
cylinder control with throttlets 
and LQG controller 

• Controller being applied to 
new fast thermal 
management valve system

• Developed and modeled ion-
sensor technology for LTC
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Technology Transfer

New York Times, Aug. 19th 2007
Predictive simulation 

tools for control 
system development 

and thermal 
management

Fundamental 
insight from 
experiments
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Plans for next fiscal year
• HCCI Modeling and Control

– KMZ modeling of deposits on heat transfer and thermal stratification
– Develop controller for fast thermal management of individual cylinders
– Quantify and validate HCCI fuel economy benefits over operating range

• Thermal effects in LTC engines
– Quantify the potential impact of precision cooling or surface treatment on LTC low limit
– Assess critical thermal transients with LTC engine-in-vehicle system simulation

• Explore Strategies for Load Range Extension
– VVA: Assess tradeoffs associated with alternative strategies for RGF and combustion phasing 

control, and quantify benefits. 
– Direct Injection:  Complete chemical kinetics modeling of recompression reaction to fully 

understand the mechanisms of low-load extension. Examine medium and high load LTC operation 
with DI and water injection.

– Spark-Assisted HCCI:  Integrate bulk ignition model with coherent flamelet model for SA-HCCI 
modeling

– Boosted HCCI:  Model, demonstrate and optimize turbo-charged HCCI engine operation with 
respect to valve event strategies and alternative fuels.

• Bio-fuels
– Continue studies of ignition and combustion of bio-fuels and blends in RCF and optical engine.
– Identify, quantify and optimize biofuel blend strategies to extend HCCI operation

(iso-octane/ethanol, iso-octane/ester)
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