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I. EXECUTIVE SUMMARY 

 
Detroit Diesel Corporation (DDC) has successfully completed a 10 year DOE sponsored heavy-
duty truck engine program, hereafter referred to as the NZ-50 program.  This program was split 
into two major phases.  The first phase was called “Near-Zero Emission at 50 Percent Thermal 
Efficiency,” and was completed in 2007.  The second phase was initiated in 2006, and this 
phase was named “Advancements in Engine Combustion Systems to Enable High-Efficiency 
Clean Combustion for Heavy-Duty Engines.”  This phase was completed in September, 2010. 
 
The key objectives of the NZ-50 program for this first phase were to: 
 

• Quantify thermal efficiency degradation associated with reduction of engine-out NOx 
emissions to the 2007 regulated level of ~1.1 g/hp-hr. 

 
• Implement an integrated analytical/experimental development plan for improving 

subsystem and component capabilities in support of emerging engine technologies for 
emissions and thermal efficiency goals of the program. 

 
• Test prototype subsystem hardware featuring technology enhancements and 

demonstrate effective application on a multi-cylinder, production feasible heavy-duty 
engine test-bed. 

 
• Optimize subsystem components and engine controls (calibration) to demonstrate 

thermal efficiency that is in compliance with the DOE 2005 Joule milestone, meaning 
greater than 45% thermal efficiency at 2007 emission levels. 

 
• Develop technology roadmap for meeting emission regulations of 2010 and beyond 

while mitigating the associated degradation in engine fuel consumption.  Ultimately, 
develop technical prime-path for meeting the overall goal of the NZ-50 program, i.e., 
50% thermal efficiency at 2010 regulated emissions. 

 
These objectives were successfully met during the course of the NZ-50 program.  The most 
noteworthy achievements in this program are summarized as follows: 
 

• Demonstrated technologies through advanced integrated experiments and analysis to 
achieve the technical objectives of the NZ-50 program with 50.2% equivalent thermal 
efficiency under EPA 2010 emissions regulations. 

 
• Experimentally demonstrate brake efficiency of 48.5% at EPA 2010 emission level at 

single steady-state point. 
 
• Analytically demonstrated additional brake efficiency benefits using advanced 

aftertreatment configuration concept and air system enhancement including, but not 
limited to, turbo-compound, variable valve actuator system, and new cylinder head 
redesign, thus helping to achieve the final program goals. 
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• Experimentally demonstrated EPA 2010 emissions over FTP cycles using advanced 

integrated engine and aftertreatment system. 
 

These aggressive thermal efficiency and emissions results were achieved by applying a robust 
systems technology development methodology.  It used integrated analytical and experimental 
tools for subsystem component optimization encompassing advanced fuel injection system, 
increased EGR cooling capacity, combustion process optimization, and advanced 
aftertreatment technologies.  Model based controls employing multiple input and output 
techniques enabled efficient integration of the various subsystems and ensured optimal 
performance of each system within the total engine package.  . 
 
The key objective of the NZ-50 program for the second phase was to explore advancements in 
engine combustion systems using high-efficiency clean combustion (HECC) techniques to 
minimize cylinder-out emissions, targeting a 10% efficiency improvement. 
 
The most noteworthy achievements in this phase of the program are summarized as follows: 
 

• Experimentally and analytically evaluated numerous air system improvements related to 
the turbocharger and variable valve actuation.  Some of the items tested proved to be 
very successful and modifications to the turbine discovered in this program have since 
been incorporated into production hardware. 

 
• The combustion system development continued with evaluation of various designs of the 

2-step piston bowl.  Significant improvements in engine emissions have been obtained, 
but fuel economy improvements have been tougher to realize. 

 
• Development of a neural network control system progressed to the point that the system 

was fully functional and showing significant fuel economy gains in transient engine 
testing. 

 
• Development of the QuantLogic injector with the capability of both a hollow cone spray 

during early injection and conventional diesel injection at later injection timings was 
undertaken and proved to be problematic.  This injector was designed to be a key 
component in a PCCI combustion system, but this innovative fuel injector required 
significantly more development effort than this program’s resources or timing would 
allow. 
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II. PROGRAM OVERVIEW 
 

Detroit Diesel successfully completed the NZ-50 program and achieved the program objectives 
with a 50.2% equivalent thermal efficiency while meeting 2010 emissions goals.  The successful 
completion of the NZ-50 program is in support of the broader DOE goal of dramatically reducing 
U.S. dependence on foreign oil. 
 
Imported petroleum accounted for over 50% of petroleum consumed by the U.S. each year 
since 1998 and in 2004 was nearly 60% as shown in Figure 1 (reference 1).  Increasing 
petroleum demand, along with declining U.S. production of oil are main causes for this reliance 
on imported oil.  The transportation sector alone has used more petroleum than the United 
States produces.  The current projections as shown in Figure 2 (reference 2) indicate that by the 
year 2020, the transportation sector will consume about twice as much petroleum as the United 
States produces.  Figure 2 also shows that the heavy-duty diesel engine is a major contributor 
to the overall U.S. oil consumption.  It becomes strategically important that the reliance on 
foreign oil must be significantly reduced in order to have more stable economic development. 
 
 

 
 

Figure 1:  Petroleum Imports as Percentage of U.S. Consumption, 1973-2004 
 
 

 
NZ-50 Final Report   

3 



 
 

Figure 2:  U.S. Petroleum Production and Consumption, 1970-2030 
 
In response to this challenge, a series of collaborative programs between the DOE and Detroit 
Diesel were initiated.  This includes the NZ-50 program as well as other key DOE programs, 
such as LEADER (reference 3) and Delta program (reference 4).  It has been very beneficial to 
Detroit Diesel to collaborate with DOE over the past decade plus.  As illustrated in Figure 3, 
there is a significant difference in engine thermal efficiencies with and without the technology 
developed while working with the DOE since we initiated this NZ-50 program in 2000.  More 
importantly from engine manufacturer standpoint, this program has an immediate impact on 
commercial technology that is related to our daily life.  This final report will detail the benefits in 
working with DOE through this program, demonstrating that we met the program key objectives 
of 50% thermal efficiency while maintaining near-zero emissions at 2010 levels. 
 
 

 
 

Figure 3:  Thermal Efficiency Trends With and Without DOE Collaboration 
 
In order to achieve the aggressive program objectives, Detroit Diesel developed a proven 
concept and methodology of combining experimental and analytical tools to facilitate an 
integrated engine, aftertreatment, and vehicle development as shown in Figure 4.  Figure 5 
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shows the key technology integration methodology.  It used integrated analytical and 
experimental tools for subsystem component optimization encompassing the fuel injection, 
aftertreatment, EGR, and combustion systems.  The advanced model based control system 
employs multiple input and output techniques and enables efficient integration of the various 
subsystems to ensure optimal performance of each system within the total engine package. 
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Figure 4:  Detroit Diesel Integrated System Development Approach 
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Figure 5:  Technology Integration Methodology 
 
With the integration methodology shown in Figures 4 and 5, a technical road map for achieving 
the program objective of 50% thermal efficiency with near zero emissions was developed for 
this program as shown in Figure 6.  This road map shows what technologies were employed to 
progress from the initial thermal efficiency of 37.5% and 1.0 g/hp-hr NOx level to the final 50% 
thermal efficiency at 2010 emissions level. 
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Figure 6:  Thermal Efficiency Road Map 
 
The initial six-year program consisted of two steps.  This is shown in Figure 7 and can be 
summarized as follows: 
 

• Step 1:  Achieve 45% BTE (BSFC=186 g/kW-hr) @ 2002 emission levels. 
• Step 2:  Achieve 50% BTE (BSFC=167 g/kW-hr) @ 2010 emission levels. 
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Figure 7:  Program Goal Setup in Two Steps 
 
Each step was constructed in such a way that all key technology areas shown in Figures 5 and 
6 would be covered, which resulted in five tasks.  Task 1 focuses on air and EGR system 
enhancements.  Task 2 covers fuel injection system capability enhancement.  Task 3 is 
dedicated to combustion system for emissions and BSFC goals.  Task 4 is integrated engine 
and aftertreatment system to meet program goals.  Task 5 is advanced controls development 
and total system integration. 
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The accomplishments achieved during the course of the program can be summarized as 
follows: 
 

• Developed an integrated analytical and experimental methodology for a total system 
optimization down to subsystem components, encompassing advanced fuel injection 
system, increased EGR cooling capacity, combustion process optimization, and 
advanced aftertreatment technologies. 

• Demonstrated 50.2% equivalent thermal efficiency with EPA 2010 emissions regulations 
at a single steady-state point through advanced integrated experiments and analysis. 

• Experimentally demonstrated brake efficiency of 48.5% at a single steady-state point 
while meeting EPA 2010 emission levels. 

• Analytically demonstrated additional brake efficiency benefits using an advanced 
aftertreatment configuration concept and air system enhancement including turbo-
compound, variable valve actuation, and a new cylinder head design. 

• Experimentally demonstrated EPA 2010 emissions over transient FTP cycles with 
integrated engine and aftertreatment system. 

• Successfully demonstrated 45% thermal efficiency at 2002 emissions level in the 
targeted timeframe. 

• Successfully demonstrated application of multiple-mode combustion concept on a multi-
cylinder engine test-bed reducing emissions below 2007 levels while significantly 
mitigating the associated deterioration in brake fuel consumption. 

• Developed a model-based control algorithm for advanced combustion and integrated 
engine-aftertreatment system control, which proved to be critical to achieve the program 
technical goals. 

• Identified the challenges, risk factors, and viability of some of the subsystem 
enhancements and advanced technologies necessary to realize the emission and 
thermal efficiency gains. 

 
Figure 8 shows the integrated experimental and analytical results including the achievement of 
the final program objective with 50.2% thermal efficiency.  It also shows the road map and key 
program milestones that were achieved during this program. 
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Figure 8:  Integrated Experimental and Analytical Results 
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III. TECHNICAL DETAILS 
 
Phase 1:  Near Zero Emissions at 50 Percent Thermal Efficiency (2000-2006) 
 
Task 1:  Air and EGR System Enhancements 
 
Subtask 1.1.  EGR Cooler Design and Development 
 
Increased rates of exhaust gas recirculation (EGR) are required to further reduce the nitric oxide 
(NOx) emissions from diesel engines.  Higher EGR rates further slow down and cool down the 
in-cylinder combustion process, thereby reducing the NOx emissions.  These exhaust gases 
have to be cooled down before being re-introduced to the combustion chamber otherwise their 
low density negatively impacts the available fresh air for the combustion process.  Hence, an 
EGR cooler design is required, which can handle the increased heat rejection requirement due 
to the high EGR rates. 
 
EGR Cooler Design 
 
The EGR cooler design is that of a shell and tube type heat exchanger as shown in Figure 9.  
On the gas side, it is a two path heat exchanger with a top inlet, a bottom return tank (flow 
reversal), and a top outlet.  EGR gas cooling is accomplished in the tubes, which are 
surrounded by engine coolant.  On the coolant side, there is a flow split between the primary 
EGR cooling path, for which coolant exits from outlet 1, and a secondary coolant path for which 
the coolant exits from outlet 2.  The flow through the secondary path (outlet 2) does not provide 
any significant cooling to the EGR and thus has little temperature increase.   
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Figure 9:  EGR Cooler Design and Schematic 
 
Detailed optimization of the tube geometry and header tank was conducted with the aid of CFD 
models, which were capable of resolving local flow feature details. 
 
On the coolant side, the coolant outlet diameter for the primary EGR cooling path was also 
modified to balance the flow split between the primary and secondary (to engine) flow paths.  
The pressure drop predicted by CFD was utilized in the overall 1D coolant circuit analysis to 
balance the flow requirements of the engine and the EGR cooler in parallel.  The full conjugate 
heat transfer (CHT) CFD model proved very beneficial in optimizing the cooling benefits against 
the pressure drop penalties. 
 
The prototype shown in Figure 10 incorporates a concentric header tank, which has the hot inlet 
bank of tubes at the center, while the cold return tubes are at the circular periphery.  This allows 
for a more gradual EGR inlet angle and hence, a better flow distribution in the tubes as opposed 
to the earlier prototypes which suffered from packaging challenges.  The concentric header tank 
allows for uniform thermal stress levels and the floating divider between hot and cold side in the 
top tank has reduced stresses.  The ratio of inlet/outlet tube numbers is optimized via tube 
layout and cooling and pressure drop requirements. 
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Figure 10:  Concentric Header Tank of Prototype EGR Cooler 

 
 
Subtask 1.2.  Gas Exchange System Improvements to Increase Efficiency  
 
As part of this task, a number of air systems were investigated, developed, and tested.  
Specifically, this section will cover: 
 

• Camshaft and flow coefficients 
• Turbocharger and turbocompound 
• EGR venturi 

 
Camshaft and Flow Coefficients 
 
The flow losses across the valves and ports represent wasted energy and efforts were made to 
minimize these losses and improve fuel consumption.  To start, GT-Power was used to evaluate 
the effect of intake and exhaust port flow coefficients on fuel economy at engine road load 
conditions.  The flow coefficient across the port and valve was the discharge coefficient across 
the valve and port system at the various valve lift heights that are seen in actual engine 
operation. 
 
By opening and closing the valves faster, more time can be spent with the valves at higher 
opening lifts and thus improving flow coefficients.  In general, there is a tradeoff between valve 
opening and closing speed and mechanical limits related to force on the valves and springs, 
engine over-speed margin without the valves floating (loss of contact between cam and roller 
follower), the velocity/force at which the valve impacts the seat at closing, the forces seen when 
the valve lash is taken up at the start of valve opening, etc.  Thus there is a list of mechanical 
constraints to balance against aggressive cam lift profiles. 
 
In this case, the limits were pushed to increase the camshaft aggressiveness to gain an engine 
performance advantage while simultaneously working to maintain system robustness.  These 
aggressive profiles showed a benefit of 1.0% BSFC compared to the baseline cam.  The 
aggressive camshaft was procured and combined with intake and exhaust ports and valves that 
had flow coefficient improvements implemented and this hardware was included into the final 
demonstration engine. 
 

 
NZ-50 Final Report   

10 



Turbocharger and Turbocompounding 
 
The turbocharger is well known to have a direct impact on engine fuel economy and the 
importance of this was further magnified with the addition of EGR to the engine.  Prior to EGR, 
the intake manifold pressure was higher than the exhaust manifold pressure, but of course, this 
general trend was reversed in order to allow gases to flow from the exhaust manifold to the 
intake manifold, i.e., EGR. 
 
The method used to increase the exhaust manifold pressure was to add a row of movable 
turbine nozzle inlet guide vanes, which is commonly referred to as a variable nozzle turbine 
(VNT).  The VNT has been around for many years, but was never in favor for use with on-
highway truck engines due to the increased complexity, durability challenges, cost, and control 
system issues.  However, it was decided that with EGR on heavy-duty trucks, a VNT would be 
the best method to force EGR to flow from the exhaust manifold to intake manifold while still 
maintaining the best possible fuel consumption. 
 
Detroit Diesel worked with our turbocharger suppliers and developed a VNT that could be used 
on the NZ-50 engine, along with the electronic control system, to move the turbine nozzle.  
Various designs were evaluated and we settled on a pneumatically-controlled actuator.  We 
then developed, with our suppliers, an electronically-controlled air pressure regulator which 
controls the VNT by controlling the air pressure supplied to the actuator.  This same basic 
control method was also applied to our EGR valve. 
 
It became apparent that this system would be the preferred development approach for 
production engines and much of the detailed development, testing, and refinement was done by 
DDC outside the scope of this program using the company’s internal funding.  The NZ-50 
program still benefited from the improved hardware and controls as they were made available to 
this program, but without having to incur the development costs. 
 
There was also extensive modeling performed to match a turbocompound turbine to the NZ-50 
engine.  This effort utilized the GT-Power 1-D simulation model of the NZ-50 engine with the 
addition of a turbocompound unit located downstream of the turbocharger’s turbine.  The 
turbocompound unit was modeled as a turbine with the resultant power being mechanically 
coupled back to the engine’s drive train. 
 
There are certainly challenges that come with the turbocompound unit, which must be carefully 
addressed to maximize engine performance.  First, there is an increase in engine back-pressure 
arising from the additional turbine wheel, and this inevitably will reduce the engine’s baseline 
efficiency.  Specifically, there is a tradeoff in the loss in engine efficiency versus the amount of 
work supplied by the turbocompound unit which must be balanced.  When matched correctly, 
the turbocompound unit will more than compensate for the losses associated with the increased 
engine backpressure, but this must be carefully managed and will vary with specific engine 
operating conditions and drive cycles. 
 
Second, there is a tendency for even higher backpressure when exhaust aftertreatment devices 
are also added (e.g., particulate filters and NOx treatment devices) and this too needs to be 
carefully understood and addressed.  Then there are the losses associated with the gear train to 
link the turbocompound unit back to the engine’s drive train.  The gear train for the 
turbocompound unit also needs to address the fact that the engine operates at a much lower 
speed than the turbocompound unit, and a factor of 100 differences in speeds would not be 
unreasonable. 
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EGR Venturi 
 
The use of a venturi to help flow EGR was investigated and hardware tested.  The basic 
concept is to inject EGR into the fresh intake air at a venturi.  The venturi is configured such that 
the fresh air is “necked down” through the venturi to increase its velocity and thus reduce its 
static pressure.  The EGR is injected at the throat of the venturi, and this will act to increase 
EGR above what would otherwise be expected since fresh air flow stream is not at a lower static 
pressure.  This is shown in Figure 11. 
 
 

Simple VenturiEGREGR

AirAir

Simple VenturiSimple VenturiSimple VenturiEGREGR

AirAirAirAir

Venturi

 
 

Figure 11:  EGR Mixing Venturi Configuration 
 
GT-Power was utilized to model the EGR mixer venturi and we studied the venturi across a 
range of beta ratios (beta = throat diameter / upstream pipe diameter) and VGT nozzle 
positions. 
 
Based on the potential improvement in fuel economy seen in the GT-Power model, modeling 
was then performed using a coupled STAR-CD and GT-Power model to better allow for the 
study of flow losses and mixing effects.  The venturi mixer and intake manifold were modeled as 
CFD components in this simulation effort.  The results of this effort showed that good mixing 
could be obtained with a venturi with a beta of 0.5, but the coupled model showed BSFC 
improvements of less than 0.5%.  The issue is that the coupled model predicted more pressure 
drop across the venturi than the simple 1-D model, which is due to the simple nature in which 
flows actually mix in GT-Power compared to a full CFD simulation. 
 
Subtask 1.3.  Air and Exhaust Handling System Refinement 
 
EGR Distribution across the Engine Cylinders 
 
As part of the EGR system evaluation, effort was focused on getting uniform amounts of EGR to 
each of the six engine cylinders.  In general, there was concern that non-uniform EGR 
distribution leads to some cylinders getting more EGR than average while others, of course, got 
less than an average amount of EGR.  While perfect distribution is not feasible, effort was put 
forth to quantify EGR distribution and the impact this non-uniformity would have on the engine 
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emissions.  The outcome of this effort is the quantification of an acceptable range for EGR non-
uniformity and verification that the designs on the test engine met this requirement. 
 
The method used to design and develop an improved EGR mixing device was to perform 
computer simulation of the various designs to allow for the development of a system that would 
give good mixing within minimum pressure drop.  The EGR flow through the engine is highly 
transient in nature due to the pressure pulsations that occur when the exhaust valves open 
combined with the flow pulsations that occur when individual cylinders are experiencing their 
intake and exhaust strokes.  Thus, to capture the pulsating nature of the flow in the EGR mixer 
and intake manifold, a 1-D GT-Power engine model was utilized.  However, this 1-D model 
would not be able to predict EGR mixing, so a STAR-CD 3-D CFD model was used to study 
mixing of the EGR and fresh air as well as to quantify the air and EGR flow to each cylinder.  
The CFD model also gives a much more accurate calculation of pressure drop than would be 
possible in a simple 1-D model.  These two models were coupled together such that the 1-D 
model provided the pulsating boundary conditions for the CFD model, and this is shown in 
Figure 12. 
 
 

3D CFD of Intake manifold 1D Engine Cycle Simulation

EGR
COOLER

CHARGE COOLER

TURBINE
COMPRESSOR

EGR
COOLER

CHARGE COOLER

TURBINE
COMPRESSOR

 
 

Figure 12:  Coupling CFD (Intake Manifold) with 1-D Engine Simulation 
 
To quantify the need to couple a CFD model with GT-Power, cases were run to compare the 
coupled results with those from a system modeled entirely in GT-Power.  These results are 
shown below in Figure 13.  The GT-Power 1-D model by its nature assumes that the EGR and 
fresh air become perfectly mixed at the junction of these two flow streams.  There is still some 
non-uniformity in EGR distribution, but this is because the amount of air flow to each cylinder 
varies slightly.  The coupled approach not only shows the non-uniformity due to air flow 
distribution, but also includes the impact of non-perfect mixing of the EGR and fresh air streams. 
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Figure 13:  Coupled vs 1-D Simulation Impact on Calculated EGR Distribution 
 
The outcome of this effort was an EGR mixer design that had significantly improved EGR 
distribution at the expense of a couple kPa higher pressure drop. 
 
Task 2:  Fuel Injection System Capability Enhancement  
 
Desired Fuel Injection Capabilities 
 
There are multiple combustion modes that were to be studied as part of the NZ-50 program.  
These combustion modes included premixed combustion, CLEAN combustion, and 
conventional combustion modes.  In addition, there was a desire to have a fuel system that 
would allow for regeneration of the fuel system.  The impact of these combustion modes on the 
fuel system requirements are shown in Figure 14. 
 
 

Premixed CLEAN Conventional DPF Regen

Early Premixed Pilot X

Close Coupled Pilot X X

Main X X X X

Close Coupled Post X

Late Post X  
 

Figure 14:  Impact of Combustion Modes on Fuel System Requirements 
 
The different combustion modes required not only changes in injection timing, but also in the 
desired injection pressure.  For example, an early premixed pilot injection event would be best 
done at low injection pressures to prevent excessive spray penetration and liner wetting.  The 
general injection pressure versus fuel injection event is given in Figure 15. 
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Required 
Pressure Comments

Early Premixed Pilot LOW 2nd Qtr 2003 Demo Planned w/Multiple Bump Cam 

Close Coupled Pilot HIGH Minimum Quantity Meets Preliminary HDEP Spec.

Main HIGH Crisp End of Injection Demonstrated To-Date

Close Coupled Post HIGH Control of Close Coupled Post Requires Improvement 

Late Post LOW 2nd Qtr 2003 Demo Planned w/Multiple Bump Cam 

Multiple injections are required 
Flexible fuel injection pressure ranging from low to high 
Crisp end of injection and high injection pressure with 2800 bar or higher 
Similar injection pressure requirement to main injection 
Multiple injections are required 

 
Figure 15:  Injection Pressure vs. Injection Event 

 
To meet the fuel system requirements, Delphi’s F1 fuel injection system was selected and 
ultimately utilized on the Detroit Diesel Series 60 engine.  Figure 16 shows the layout of the F1 
fuel system. 
 
 

 
 

Figure 16:  Delphi’s F1 Fuel Injection System 
 

Using the Delphi F1 injection system, various multiple injection modes were evaluated using 
DDC’s fuel injection test bench.  The fuel injection test bench features a Series 60 cylinder head 
with all components required to operate the Delphi F1 injection system featuring the E3 injector.  
The fuel injector test bench allows for full functional testing of the injectors including the 
instrumentation to measure to output from the injectors. 
 
Testing then progressed to actual injector firing and measuring the output of the injectors.  The 
testing of the fuel system was extensive and covered everything from calibration of the injectors 
in single injector modes, through understanding and calibrating the control system with multiple 
pilot injections, including getting accurate injection quanties at all the possible combinations of 
injection duration and pressure that were possible with two injector control valves.  This testing 
was done for all fuel injection quanties that are required to operate the engine across the full 
performance map. 
 
The final outcome of this testing was a well understood and qualified fuel system that was 
extensively utilized in engine testing.  This testing focused on matching the new fuel systems 
capabilities to the combustion system for the best possible improvement in engine fuel economy 
and emissions. 

 
NZ-50 Final Report   

15 



 
Task 3:  Combustion System 
 
Develop and Evaluate Integrated Combustion Strategies 
 
The analytical tools developed under this task are designed for integration with other tools for an 
accurate description of critical engine systems.  Baseline models for engine cycle simulation 
activities were completed using GT-Power and intake manifolds and ports were modeled using 
STAR-CD.  This modeling allowed for the highly resolved boundary conditions to be supplied to 
the KIVA modeling, including pressures, temperatures, inlet air motion (swirl), heat transfer to 
coolant, etc.  In addition, simulation and testing of the fuel system was also utilized to provide 
boundary conditions relative to the fuel injected into the cylinder.  These interactions are 
highlighted in Figure 17. 
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Figure 17:  KIVA Combustion Modeling Interactions 
 
Once calibrated, the model was used to study a host of combustion system parameters, starting 
with a detailed refinement of a conventional combustion system.  This refinement was a large 
effort looking at a wide variety of potential variables including (i) injection rate shape, (ii) 
injection pressure, (iii) multiple injections, (iv) injection timing, (v) injector tip geometry, (vi) 
piston bowl shape, (vii) compression ratio, (viii) inlet air motion, and (iv) geometry in the squish 
and ring pack regions.  While each one of these variables has been examined in the past, this 
was a significant effort to try and find the optimum combination of these variables for best fuel 
economy and lowest possible engine emissions.  It should be noted that this study also took into 
account various emissions targets, as the regulations for emissions were changing over the 
period of this program. 
 
KIVA proved to be a highly valuable tool for examining a much larger set of variables than could 
reasonably be examined in hardware.  Then the best combinations were manufactured and 
further screened and refined in engine test.  For example, there was a significant effort focused 
on various piston bowl shapes and then matching the injection event, injector tip design, and air 
motion to the subject piston bowl for best performance. 
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Optimize Combustion Process Including Aftertreatment Requirements 
 
With the KIVA analysis completed and the required hardware on hand, a significant testing and 
optimization program was performed over the course of the NZ-50 program.  This combustion 
study focused on many areas, ranging from methods to lower PM to better meet the needs of 
the Diesel Particulate Filter (DPF), to optimizing fuel economy, to providing low engine out NOx 
to meet the emissions standards including the use of EGR. 
 
There was much attention paid to unique strategies that could be used to improve the 
combustion process.  For example, much testing was also done with the “library” of fuel injector 
tips matched to different injector cam lobes and piston bowl shapes. 
 
Task 4:  Integrated Engine and Aftertreatment System to Meet Program Goals 
 
While the primary focus on the NZ-50 program was fuel economy and achieving the goal of 50% 
brake thermal efficiency, the upcoming emissions regulations were always considered, as the 
goal was to optimized brake thermal efficiency in engines that would be emissions compliant.  
During the course of the NZ-50 program, there was significant attention paid to the upcoming 
2007 emissions standards for diesel engines, which represented challenges for both the NOx 
and PM constituents. 
 
It was determined that NOx would be met by further increasing the EGR levels and thus the 
NOx challenges fell to the combustion system.  This was reasonable as NOx was being reduced 
by a little more than half of the 2004 emissions standards.  The PM standard was another story, 
as PM was being reduced by a factor of 10.  It quickly became apparent that a particulate filter 
would be required to meet the PM standard, and incorporating this technology in the most fuel 
efficient manner would become a goal of the NZ-50 program.  The NZ-50 program did 
significantly benefit from the DOE sponsored LEADER program at Detroit Diesel, in which a lot 
of simulation and testing of aftertreatment devices was performed, greatly adding to Detroit 
Diesel’s technical expertise and abilities in the area of aftertreatment. 
 
Detroit Diesel had also participated in significant field testing of diesel particulate filters and SCR 
systems as part of our consent decree ICESS program, and has significant production 
experience with DPF’s on our Series 50 engine.  Interestingly, all of these previous programs 
had filters that regenerated the soot via passive regeneration, meaning there was enough 
engine out NOx to react with the soot in the filter to maintain soot level in the filter at a safe 
level.  With the reduction of engine out NOx at 2007 emission levels, we entered the phase of 
active regeneration, specifically requiring a method to purposefully heat the DPF to a 
temperature high enough to burn off the soot from the filter.  This required regeneration 
temperature is in excess of 550°C. 
 
Integrate NOx and PM Aftertreatment 
 
As mentioned, for the 2007 emissions standard a lot of effort was focused on how to design and 
integrate the PM aftertreatment.  NOx aftertreatment would come to production on heavy-duty 
diesel engines in the form of urea (DEF) SCR systems with the introduction of the 2010 
emissions standards.  Detroit Diesel’s introduction to urea SCR came with the DELTA and 
LEADER programs, but, as mentioned above, was not a focus on NZ-50. 
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Incorporating the particulate filter presented a number of challenges.  The first and most obvious 
challenge was a system selection, which would in fact meet the emission standards while 
imposing the lowest possible back pressure on the engine.  Adding back pressure to the engine 
is well known to hurt fuel economy and also has the potential effect of restricting engine airflow, 
which can certainly have emissions impacts. 
 
The next level of challenge on the DPF is having the ability to run an active regeneration on the 
filter.  An active regeneration is purposely taking action to heat the filter to a temperature high 
enough to oxidize the trapped soot.  The method used by Detroit Diesel (and most other engine 
OEMs) is to inject fuel into the exhaust stream and then have this fuel oxidize/burn across a 
diesel oxidation catalyst (DOC), which is located upstream of the DPF.  This method of active 
regeneration comes with its own unique challenges: 
 
• Must have a method/trigger to know when the quantity of soot on the filter reaches the limit 

and thus indicate that an active regeneration is required. 
• Must alter the engine conditions to be conducive to an active regeneration, meaning there 

must be enough oxygen and exhaust temperature to allow the dosed fuel in the exhaust 
stream to burn across the DOC. 

• Must have a method to dose the fuel into the exhaust stream, either via a late injection using 
the standard diesel injector or via a separate diesel injector in the exhaust stream 
specifically for the purpose of regenerating the filter. 

• Lastly, you must have a trigger to know the regeneration is complete and thus return the 
engine and exhaust system to “non-regeneration” mode. 

 
As previously mentioned, some of the background work in this area was done on other DOE, as 
well as Detroit Diesel, funded programs.  Also, most of the control logic and related strategies 
were internally funded, but this report will review what was performed on the NZ-50 engine.  A 
summary of the DPF challenges is shown in Figure 18. 
 
 

• Objective
– Safe, Reliable and Periodic Regeneration Under All 

Driving Conditions
» Provide Required Temperature for DPF Regeneration
» Insure Durability and Prevent Cracking due to Soot 

Overloading
– Minimum Fuel Economy Penalty

• Challenges
– Accurate Soot Loading Estimation 
– Safe Thermal Regeneration
– Maintain Engine Torque / Cycle to Cycle Stability
– Overall Cost and Complexity

 
Figure 18:  Objective and Challenges Related to the Diesel Particulate Filter 

 
The initial plan for the triggers was fairly straight forward.  There were triggers to indicate that it 
was time to start a regeneration based on (i) engine run time, (ii) distance traveled, (iii) fuel 
consumed, and/or (iv) pressure drop across the filter.  This simple array of triggers allowed for a 
variety of possible drive cycles 
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Evaluate Potential Over-The-Road Vehicle Fuel Economy 
 
In general, increasing the exhaust temperature does hurt the fuel economy of the engine, as the 
engine is being forced to run less efficiently in order to supply more energy into the exhaust.  
Obviously, the fuel economy is also significantly impacted by the diesel fuel being injected into 
the exhaust pipe via a diesel fuel doser.  This doser injects diesel fuel into the exhaust pipe at 
relatively low pressure and it vaporizes and oxidizes across the DOC to increase the DPF 
temperature to a level suitable to oxidize the soot that has been trapped within the filter.  As the 
fuel dosed (injected) into the exhaust system for DPF regeneration serves no purpose other 
than heating the DPF to remove soot, it has a very direct, negative impact on fuel economy. 
 
Thus, efforts were made to reduce both the frequency of active regenerations and the amount of 
fuel injected during an active regeneration.  The vast majority of this work was performed via 
Detroit Diesel funded projects since significant field testing was required to validate how often 
regenerations would be required and the fuel consumed.  However, one of the items impacting 
the frequency of the active regeneration is the engine out NOx/PM ratio, as the higher this ratio, 
the more passive regeneration takes place, and thus there is less need for active regeneration. 
 
Of course, the other variable in the NOx/PM tradeoff is the PM, and there is a great benefit to 
active regeneration frequency by reducing the engine out PM.  Thus, all the work done on the 
combustion system to reduce PM has a direct benefit on the fuel economy penalty of the 
particulate filter.  There was significant engine and vehicle testing to quantify all of these 
impacts.  A typical test cell set-up is shown in Figure 19. 
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Figure 19:  Aftertreatment System on Engine Testing 
 
Task 5:  Engine Controls 
 
Subtask 5.1.  Model Based Controls 
 
Typical heavy-duty engines, including the Series 60 engines, use PID-based VGT closed loop 
and table-based EGR valve open loop control logic.  This control strategy divides engine 
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operation into two modes: boost and EGR.  The VGT is controlled during boost mode by 
targeting requested boost, and during EGR mode by targeting requested EGR mass flow rate.  
There are challenges that must be overcome with this arrangement as we move forward: 
 
• If we desire to use advanced combustion strategies such as CLEAN combustion, PCCI, etc., 

then we will require low variability and high control accuracy of both air and EGR quantity at 
both steady state and transient conditions. 
 

• 2007 engines use a DPF for PM reduction.  This system definitely benefits from dual 
VGT/EGR closed loop control to maintain air mass rate and EGR mass flow rate subject to 
increasing back pressure due to DPF soot loading.  The DPF regeneration also benefits 
from independent management of air and EGR mass. 

 
• The Series 60 engine control system was designed to close VGT when requiring higher 

engine boost.  However, due to deteriorating turbo efficiency, closing the VGT vane may not 
necessarily increase turbo power, but will definitely increase engine pressure differential.  
Larger engine pressure differential (exhaust manifold to intake manifold) results in lower 
engine volumetric efficiency as well as a fuel economy penalty.  Therefore, we desire to find 
the optimal VGT vane position at each engine breathing condition to produce maximum 
available intake charge mass. 

 
Model-based VGT/EGR dual closed loop controls algorithms are a potential solution to the 
issues mentioned above and have been developed as part of this program.  To efficiently 
develop this control strategy and reduce resource cost, a virtual Series 60 engine was initially 
created and served as an offline control system development platform.  During the course of the 
development, the virtual sensors predicting exhaust manifold pressure, temperature, air mass 
flow rate, EGR mass flow rate, and other engine parameters required for the model-based 
controls were also developed. 
 
Engine Controls Conclusions 
 
• A model-based VGT/EGR dual closed loop control system was built based on real-time VGT 

and EGR models.  By separately controlling air mass and EGR mass based on VGT and 
EGR models, the new approach significantly improved air and EGR control accuracy. 

 
• The developed model-based EGR control logic predicatively determines desired EGR valve 

position, achieving a stable and precise EGR control at both transient and steady-state 
conditions. 

 
• The control strategy was realized without changing engine hardware and sensors.  The 

developed virtual sensors provide air mass flow rate, EGR mass flow rate, turbo inlet 
pressure and temperature, and other engine parameters required for the controls, which 
founds the base of the control strategy. 

 
Subtask 5.2.  Development of Virtual Sensor System  
 
Virtual Sensor Introduction 
 
The virtual sensor system was created as a subsystem of the model-based VGT/EGR control 
system.  Different from the Virtual Engine presented above, the virtual sensor system requires 
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the inputs of some on-board measured parameters, such as intake manifold pressure and 
temperature, and therefore, is more accurate.  With the virtual sensor system, the model-based 
VGT/EGR controls can be realized without additional hardware sensors. 
 
Results and Discussion - Model Validation 
 
On-line validation of the virtual sensor system was conducted in Detroit Diesel’s engineering 
laboratory through dSPACE prototype system on a Series 60-2002 14L engine.  Figures 20 to 
23 show the comparisons of predicted and measured EGR mass flow rate, air mass flow rate, 
and turbine inlet pressure and temperature, respectively.  At transient and steady-state 
conditions, the predicted EGR mass flow rate, air mass flow rate, and turbine inlet pressure 
match well with measured data. 
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Figure 20:  Comparison of Predicted and Measured EGR Mass Flow Rate 
(Steady-State Condition) 
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Figure 21:  Comparison of Predicted and Measured Air Mass Flow Rate 
(Steady-State Condition) 
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Figure 22:  Comparison of Predicted and Measured Turbine Inlet Pressure 
(Steady-State Condition) 
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Figure 23:  Comparison of Predicted and Measured Turbine Inlet Temperature 
(Steady-State Condition) 

 
Virtual Sensor Conclusions 
 
• The virtual sensors system mainly consists of EGR mass flow dynamics model, speed-

density model (engine intake mass flow rate model), turbine mass flow dynamics model 
(turbine map), and exhaust manifold temperature model.  The conclusions regarding the 
subsystem models are: 

 
 The speed-density model is used to determine engine intake mass flow rate (air mass + 

EGR mass). 
 

 The turbine map can be built based on engine test data.  Within achievable engine 
operation range, the reduced turbine mass flow rate is a strong function of turbine 
pressure ratio and VGT position, but is only slightly affected by turbine speed. 
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• The virtual sensor system is engine hardware dependent.  However, when an engine 
hardware component is redesigned, only the related sub-models should be recalibrated, 
while the others may remain unchanged. 

 
Phase 2:   Advancements in Engine Combustion Systems to Enable High-Efficiency 

Clean Combustion for Heavy-Duty Engines (2007-2010) 
 
Task 1:  Air/EGR Handling System Development 
 
As part of the air/EGR system development task, there were three different components 
examined to improve the fuel efficiency of the engine.  These tasks were (i) the evaluation of a 
new design compressor wheel, (ii) evaluation of open versus divided turbine housings, and (iii) 
evaluation of a VVA (variable valve actuation) system for the DD15 engine.  The two 
turbocharger tasks involved significant engine testing while the VVA system was evaluated 
analytically. 
 
The details of these three projects are described below. 
 
Subtask 1.1.  Turbocharger with New Compressor Wheel 
 
Based on input from our turbocharger supplier, we were informed that they had an innovative 
design for a new compressor wheel.  Based on turbocharger bench testing at the supplier, this 
new design showed an improvement in compressor efficiency.  It is well known that 
improvements in turbocharger efficiency, either compressor or turbine, have a positive impact 
on engine fuel consumption. 
 
Prototype hardware featuring the new design wheel was procured and tested at Detroit Diesel 
on the DD15 and compared to the baseline engine.  There was only a small difference noted in 
the compressor efficiency when calculated from the engine performance data, although the 
advantage did vary with engine speed, load, and emissions level.  At 2.0 g/hphr NOx, the turbo 
efficiency with the new wheel is lower than that of the baseline at low engine speeds and loads, 
but higher at high engine speeds and loads.  At 3.0 g/hphr NOx, the efficiency of the new design 
is improved slightly across the whole operating range compared to the new design at 2.0 g/hphr. 
 
Overall, the BSFC benefit of the new wheel design is fairly small, ranging from 0.0% to about 
0.5% BSFC improvement.  To better quantify the overall impact of the new wheel, back-to-back 
testing was also done across the SET cycle.  In this testing, there was virtually no change in 
emissions and the new design wheel showed a 0.25% BSFC benefit. 
 
While we did show that the new design compressor wheel was indeed an improvement over the 
baseline compressor wheel, the magnitude of the improvement was relatively small and there 
was no reason to pursue development of this compressor within the NZ-50 program beyond this 
point. 
 
Subtask 1.2.  Divided vs Non-Divided Turbine Housing. 
 
The baseline engine used for NZ-50 evaluation was a 14.8L HDEP engine with a 455 hp / 1550 
ft-lb rating.  The baseline engine features a divided exhaust manifold and turbocharger.  What 
this means is that the exhaust flow from cylinders 1-3 is separated from the exhaust flow from 
cylinder 4-6 right up to the point where they enter the turbine wheel in the turbocharger.  An 
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evaluation was performed to see if there would be any benefit of removing the divider in the 
turbine housing to allow some cross talk of the pressure pulsation and potentially improved 
engine performance. 
 
Back-to-back testing of the same turbocharger with and without a divided inlet was performed.  
The first thing that was noted was that the pressure pulsations from adjacent cylinders were 
now being seen with the high speed pressure transducers located in-cylinder during the 
breathing events.  While it is often hard to relate these pulsations to turbine efficiency or fuel 
economy, it was easy to see that a significant change was made to the gas dynamics in the 
manifold. 
 
This back-to-back testing showed some good improvements in turbocharger efficiency and fuel 
consumption. 
 
Subtask 1.3.  Variable Valve Actuation 
 
DDC contracted Jacobs Vehicle Systems regarding potential development of a VVA system for 
the DD15 engine with the objectives being improved fuel economy and potential aftertreatment 
support.  VVA strategies were investigated using a DOE (Design of Experiments) tool, and fine 
tuned using the optimizer from the GT-Power model. 
 
Procedure 
 
A GT-Power Design of Experiments (DOE) method was employed and run for trend analysis at 
the 12 engine operating modes shown in Table 1. 
 
To study the effect of external EGR interacting with VVA, additional cases with both VVA 
strategies and external EGR valve diameter optimized for best BSFC were run and compared to 
the cases with the same (optimized) external EGR valve opening (but without the VVA 
strategies). 
 

Table 1:  Engine Operating Modes Studied for Application of VVA 
 
Mode  Engine Speed % Load Weighting Factor Duration [min.] 
1 A 100 0.08 2 
2 B 50 0.10 2 
3 B 75 0.10 2 
4 A 50 0.05 2 
5 A 75 0.05 2 
6 A 25 0.05 2 
7 B 100 0.09 2 
8 B 25 0.10 2 
9 C 100 0.08 2 
10 C 25 0.05 2 
11 C 75 0.05 2 
12 C 50 0.05 2 
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Operating Point A100 
 
Compared to the baseline engine, there was only a marginal 0.1% BSFC improvement with 
VVA optimized valve events.  By turning off external EGR (simulating higher engine out NOx), 
the engine model got about 2% BSFC improvement for this mode, but again there was no real 
fuel economy difference between the VVA and baseline case, even with the lower EGR rates.   
 
Operating Point B50 
 
Compared to the baseline engine, there was a minimal BSFC improvement (0.1%) with the VVA 
adjustment at the baseline EGR target values.  By significantly reducing the target EGR rates 
(and thus increasing engine out NOx), there was a 1.3% BSFC improvement for the VVA vs. 
non-VVA case at the same EGR level/ 
 
Operating Point C25 
 
Compared to the baseline engine, there was a significant (1.8%) improvement in BSFC with the 
VVA system at C25.  With reduced external EGR, the baseline engine’s fuel consumption 
actually increased, while the VVA system continued to show some decrease.  One item to note 
is that high speed, low power is not a frequent operating condition for long haul trucks. 
 
VVA Conclusion 
 
This project showed how well the engine, described by the GT-Power model, is optimized 
around its conventional fixed valve timing, with DOE results for VVA studies trending upward for 
fuel consumption as valve timings and durations moved away from the baseline values.  Based 
on these results and how well the engine runs with the baseline camshaft, there was little 
potential fuel economy improvement at road load, and in reality the potential improvements via 
VVA at other speeds and loads is somewhat small compared to the effort to incorporate VVA. 
 
Task 2:  Combustion 
 
The combustion system of the NZ-50 engine was studied for potential fuel economy 
improvements.  The examination was done via (i) engine testing of new piston bowl geometries, 
including re-matching of injector tips, (ii) combustion simulation studies, and (iii) development of 
in-cylinder combustion sensing technologies that would be used in potential follow-on projects 
related to PCCI or HCCI combustion.  The results from these three efforts are discussed in this 
section of the report. 
 
Subtask 2.1.  2-Step Piston Bowl Development 
 
The new piston bowl geometry focused on what is commonly described as a 2-step piston bowl.  
Figure 24 shows a conventional piston bowl with a smooth radius at the top of the piston bowl.  
This type of piston is the most commonly used design in production and has been studied 
extensively both internally at Detroit Diesel as well as by many others involved in the diesel 
combustion arena.  Figure 25 shows a piston with “2 steps” near the rim of the piston bowl.  
Preliminary reports had indicated that such piston designs were advantageous with regards to 
both engine fuel consumption and emissions. 
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Figure 24:  Baseline Engine Piston 
 
 

 
 

Figure 25:  Sample 2-Step Piston 
 
Thus, after performing preliminary analysis, piston bowls featuring the 2-step shape were 
designed and procured for the purpose of engine testing.  In addition to changing the piston 
bowl shapes, a library of injector tips was procured so that the fuel injection event could be well 
matched to the bowl shape.  The parameters changed for the fuel injector tips included the 
number of injector holes, the included spray angle of the injector holes, and the flow rate 
parameter of the injector holes (indicative of the injector hole’s relative flow area). 
 
In the end, multiple pistons were procured as well as a good mix of injector tips and they were 
studied extensively via engine testing in our laboratory at Detroit Diesel.  The focus of this 
testing was largely steady-state engine performance, with the goal of seeing a significant fuel 
economy improvement. 
 
This series of testing yielded some interesting conclusions.  First, little to no fuel economy 
improvement was seen with the 2-step piston bowl, and in fact in many cases a fuel economy 
penalty resulted.  Overall, the series of testing showed fuel economy ranging from about 0.5% 
better than the baseline to 3% worse than the baseline.  However, if we focus on the best 
combinations, they were roughly fuel economy neutral while showing an improvement in engine 
out PM. 
 
Thus, the 2-step piston bowl would be valuable as a production system given the performance 
advantages of low engine out smoke system without having an impact on fuel consumption.  
However, with respect to the NZ-50 program, the goal was focused on fuel consumption, and 
thus the 2-step piston bowl was not of significant value. 
 
Subtask 2.2.  In-Cylinder Combustion Monitoring 
 
Also considered in the NZ-50 program was a PCCI-type combustion system.  The intent was to 
use the QuantLogic injection system to inject a portion of the fuel early in the cycle at low 
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pressure and the balance of the fuel later in the cycle at higher pressure similar to a 
conventional diesel injector.  This is illustrated below in Figure 26. 
 
 

 

 
 

Figure 26:  QuantLogic Injection Event 
 
While the fuel injection system is discussed later in this report, one of the challenges with the 
PCCI system is combustion stability.  As an enabling technology for PCCI, start of combustion 
detection devices were investigated.  The primary reasons for this is the potential for instability 
in the PCCI combustion event; being able to monitor the combustion event would allow the 
control system to make sure the event was stable and repeatable, and if not, to take corrective 
action.  In addition, these sensors would greatly aid the transition between PCCI mode 
(presumably at lower BMEP levels) and conventional combustion mode and vice versa. 
 
Combustion sensing devices were procured from both Continental and Woodward.  The 
Continental sensor was a stand alone device that would be inserted in the cylinder while the 
Woodward device was integral with a glow plug.  Both devices are shown in Figure 27.  The 
purpose of testing these devices was to determine the accuracy and ability of the sensors and 
also to uncover any problems with their operation. 
 
 

 

Courtesy:  WoodwardCourtesy:  Continental Courtesy:  WoodwardCourtesy:  Continental
 

 
Figure 27:  Continental and Woodward In-Cylinder Combustion Detection 

 
Both of these systems were tested extensively at Oak Ridge National Laboratory (ORNL) as 
part of this program.  Some typical engine data from the tests at ORNL are shown in Figure 28.  
The Continental device is an actual pressure sensor which reports the in-cylinder pressure while 
the Woodward device is an ion plasma detector which reports its output as heat release. 
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Figure 28:  Pressure and Heat Release Data from the Respective Sensors 
 
Overall, the conclusions were relatively positive for both sensors.  The Continental sensor 
showed fairly good accuracy, although was somewhat noisier than a laboratory grade sensor. 
 
The Woodward sensor is actually an ion plasma sensor, and the results from testing at ORNL 
also showed some positive attributes.  The Woodward sensor reports the combustion heat 
release, and the sensor’s performance was impressive at conditions (i) with no EGR or (ii) EGR 
and light loads.  However, the sensor had challenges at operating conditions above 50% load 
with nominal EGR rates. 
 
After the testing of the two sensors, it was determined that in-cylinder pressure sensing is a 
feasible item to consider in the future. 
 
Task 3:  Flexible Fuel Injection 
 
The fuel injection development for this phase of the program was focused on the QuantLogic 
micro-variable circular orifice (MCVO) fuel injector.  The MCVO is a QuantLogic proprietary 
designed fuel injector nozzle assembly.  The basic operating principle is that the moving needle, 
in combination with the nozzle body, will offer different flow paths to the fuel.  Depending on the 
position of the internal nozzle components and which flow areas are opened at a given time, the 
nozzle will inject the fuel as either (i) a low velocity conical spray for low injection penetration or 
(ii) a high velocity spray stream similar to a conventional diesel injector. 
 
The intention was to apply the MCVO injector to PCCI operation.  During the early pre-injection, 
we would inject fuel at low velocity so that we would minimize wall wetting.  A hollow cone fuel 
spray pattern would be ideal for this as it would mix well with the air in the cylinder without 
putting large quantities of fuel on the wall. 
 
Following the low pressure hollow cone injection event, we would then inject the balance of our 
fuel near top dead center similar to a conventional diesel engine.  This injection event would be 
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done at high pressure for good atomization, rapid evaporation and mixing, and the result would 
ideally be a stable PCCI combustion event, all resulting from one fuel injector. 
 
The prototype injectors were tested extensively and the general conclusion was that while the 
dual spray pattern was functional, it was not possible to inject in either mode without avoiding 
the other.  For example, you could not operate the injector in purely low pressure mode or 
purely conventional DI mode.  This is a problem because PCCI is only applicable at lower 
engine BMEP levels, and above those BMEP limits, the injector needed to function as a 
standard DI injector.  When trying to operate in standard DI mode, the injector would inject 
some of the fuel into the center of the spray pattern, meaning fuel would be sprayed down the 
cylinder centerline directly onto the piston. 
 
The overall conclusion is that a design iteration of the MCVO nozzle was required on the part of 
QuantLogic.  Given the other priorities of the program and the fact it was getting close to the 
end of the NZ-50 project, it was decided not to pursue design iterations and thus we closed out 
the MCVO portion of this program. 
 
Task 4:  Controls 
 
Control development that was conducted as part of Phase 2 focused on the following aspects: 
 
• Transient control logic 
• Calibration optimization 
• Virtual sensors 
• Real-time logic adaptation 
• Sensors and actuators 
• Offline development 
• Rapid control prototyping 
 
Offline, Neural-Network based Calibration Optimization 
 
As part of this technology program, and in partnership with Atkinson, LLC, DDC has been 
actively developing and exercising calibration optimization schemes with specific focus on fuel 
economy.  As illustrated in Figure 29, the neural network based optimization scheme is as 
follows: 
 
• Data gathering 
• Model generation 
• Calibration optimization 
• Experimental validation 
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Figure 29:  Neural Network Based Transient Set point Optimization Scheme 
 
The data gathering step includes extensive transient testing, which covers a wide range of 
engine RPM, load, air-fuel ratio, EGR rates, injection timing, and injection pressure.  Figure 30 
shows the range of the mapping data in comparison to an FTP cycle. 
 
 

 
 

Figure 30:  Extent of Transient Data Collected in Comparison to an FTP Cycle 
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Once satisfactory models are generated for engine emissions, torque, fuel economy, as well as 
mechanical constraints (e.g. injection pressure, peak cylinder pressure, turbocharger speed, 
etc.), thousands of calibration iterations are executed on a desktop computer to obtain an 
optimum calibration, as shown in Figure 31. 
 
 

 
 

Figure 31:  Iterations at Each Operating Condition 
 
Once the whole engine map (typically RPM/load) has been covered by the optimization, the new 
maps are generated.  The optimized calibration tables are then fed back into the offline setup to 
provide an estimate of the resulting FTP emissions and improvement over the baseline. 
 
Empirical Virtual Sensors 
 
In parallel to activities targeting transient calibration optimization, DDC was actively developing 
virtual sensors for engine-out emissions.  The sensors, either table-based or neural network-
based, are envisioned to be used real-time as part of the engine ECM for controls and 
diagnostics purposes. 
 
Offline Controls Development 
 
The development of virtual sensors and next generation control logic was made possible in part 
by the emergence of high resolution control development tools, as well as mean-value 
approaches for real-time control screening. 
 
Figure 32 below illustrates the typical control development process, which starts with detailed 
identification of the system to be controlled.  This is achieved by experimental transient data 
analysis.  Once system identification is complete, offline control logic development can proceed, 
with the ultimate result being the generation of a stable control function. 
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Figure 32:  Illustration of Offline Controls Development Process 
 
The system identification data mentioned above can also come in the form of cycle simulation 
data.  Cycle simulation software commercially available today provides enough accuracy, 
resolution, and transient fidelity that the resulting data can be used, at least in the early days of 
controls development, for initial screening of prototype control logic. 
 
Next Generation Control Logic 
 
Throughout the NZ-50 program, promising technology developments were identified and 
implemented.  From a controls standpoint, multiple state-of-the-art algorithms were 
conceptualized, generated, screened offline, prototyped, and experimentally validated.  While 
the progress made in the field of transient diesel engine control over the past few years at DDC 
has been significant, the NZ-50 program also made possible the identification of control 
algorithm candidates for application in the 2014-2016 timeframe, when tighter diagnostic 
standards take effect (e.g. combustion quality monitoring).  Figure 33 illustrates the various 
aspects of control logic, from real-time virtual sensor adaptation to on-board adaptation of 
calibration, which are being developed at DDC and which stem from early developments of the 
NZ-50 program. 
 
 

 
NZ-50 Final Report   

32 



 
 

Figure 33:  Next Generation Control Algorithms 
 
Task 5:  Final Demonstration 
 
The program goal was to meet 50% thermal efficiency.  Meeting this target was accomplished in 
this program through a combination of engine testing and simulation of several features that 
were not available in hardware.  Much of this work was done in Phase 1 of the NZ-50 program, 
but will be reported in this section. 
 
The final building blocks to achieve this were done in 3 steps. 
 
In the first step, a brake efficiency of 45.4% was measured in the test while meeting the 2007 
emission requirements in a steady-state test at a single test point.  The main components in the 
engine that yielded this efficiency included: 
 

• Started with Series 60 baseline engine. 
• Optimized combustion system. 
• Premium EGR system 
• Turbocharger matching 
• Diesel particulate filter 

 
As was described, the building blocks that allowed us to meet this milestone were developed 
within this program.  In general, this thermal efficiency is about the same as was seen in the NZ-
50 early demonstration phases, but this milestone was done at the much lower emissions 
standards that came from the EPA for 2007.  This step and how we moved forward is shown in 
Figure 34. 
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Figure 34:  NOx vs Thermal Efficiency Progression for NZ-50 Program 

 
The next step forward was the achievement of 48.5% brake thermal efficiency at a single test 
point while meeting the emissions requirements for EPA 2010 at that steady-state condition.  
The meeting of the emissions was “simulated,” in that the actual aftertreatment hardware that 
would allow compliance with these standards was not installed in the test cell, but instead was 
replaced with a backpressure valve to represent the added backpressure.  During the 48.5% 
brake thermal efficiency point test, the engine restrictions were set to simulate the best possible 
conditions that could be expected from the advanced engine system.  The main components in 
the engine that yielded this efficiency included: 
 

• Advanced combustion hardware 
• More flexible FIS 
• Increased compression ratio 
• Higher peak firing pressure 
• NOx aftertreatment (simulated) 
• Optimized DPF and DPF regeneration (simulated) 
• Restrictions set to represent low pressure drop components 

 
From this point, the jump to a thermal efficiency of 50.2% was done by calibrating the engine 
simulation model (GT-Power) to match this most recent test data and then adding some 
advanced systems analytically.  This was done analytically as the hardware was not currently 
available, but the technology was considered technically feasible.  The technology added via 
simulation to exceed the 50% brake thermal efficiency target included: 
 

• Variable valve timing 
• Lube and coolant temperature management 
• New cylinder head with better port flows 
• Higher compression ratio 
• Rematched turbocharger hardware including turbocompounding. 
• Insulation. 
 

The timing and reporting on this is highlighted in Figure 35. 
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Figure 35:  Timing of High Brake Thermal Efficiency Demonstration 
 
The phase II program components were never tested in a single engine, but remained as 
individual items.  The best of these items (e.g., controls, air system improvements, 2-step piston 
bowl, etc.) became some of the key building blocks for the Daimler Super Truck engine 
program.  One of the key components of the Super Truck program was the inclusion of an 
engine that will achieve 50% brake thermal efficiency at operating conditions representative of 
cruise control operation. 
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