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Program Overview 

Phase I (Tier 3)
• Model Development &    
Validation

• 3.0 g/(hp-hr) NOx +         
NMHC

• 0.15 g/(hp-hr) PM

• Tier 2 BSFC

Complete

Phase 2A (Tier 4)
• Customer requirements 
documents

• Assess Technical options

• Selection of Tier 4A 
technology

• 1.5 g/hp-hr NOx

• 0.015 g/hp-hr PM

• Transient certification

• Tier 3 BSFC

In-ProgressComplete

Phase 2 (Tier 3)
• Multi-cylinder Engine 
Validation

Same as Phase 1

Off-Highway Deliverables
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Possible Emission Solutions 
for Tier 4 Interim

NOx

Particulate

•Cooled EGR

•Selective Catalytic          
Reduction 

•Oxygen Membranes

•Combustion Recipe 
Optimization

•Oxidation Catalyst

•Soot Filter

•Partial Filter

•Fuel injection strategy

•Combustion Recipe 
Optimization

Starting Point: Tier 3 
Advanced In-Cylinder 

Emission Control

+

+
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Increasingly More Stringent Emissions Requirements
Increasing # of Applications/Customer Requirements

Short Development Time

Cummins New Approach to Technology Development

Primary Objective: Meet future off-
highway emissions requirements while 

maintaining current fuel economy levels
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Selecting the Right Technology –
A Six-Sigma Based Approach

CertifyCertify

Develop & Model Critical 
Parameters…

Y  =  f (x1, x2, x3, x4, . . . xn)

Optimize Critical Parameter 
Robustness…

S/N(Y)  =  (S/N(x1)+S/N(x2)+ . . . S/N(xn)

Certify Critical Parameter 
Capability…

Cp/Cpk(Y1 , Y2.,… Yn)

Balance VOC & VOT with 
Business/Prod. Line Goals…

I DOC

OptimizeOptimize

DevelopDevelop

Invent/ 
Innovate
Invent/ 

Innovate

2
Product

Development

TDFSS

Understand Customer Requirements

Leverage Analysis Led Design

Optimize Critical Parameters

Certify Capability
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Understanding Customer 
Requirements

Purpose 
Understand from industrial end user customer what technology features are important for Tier 4 
emissions technologies. 
 

Objectives for Voice of Customer Discussions 
 Understand how customers use our products. 
 Understand what challenges the customer faces in their business. 
 Understand what product features are important to the customer and why. 

 
Questions 

 Please give us an overview of your organization. 
 What is the most important requirement of your job and how do you ensure that you 

accomplish it? 
 What are your major expenses? 
 What is the target life for your equipment? 
 What trends or changes in the industry have impacted your operation? 
 Under what environmental conditions does your equipment operate? 
 Why do you buy Cummins-powered products? 
 What could an engine manufacturer do that would make your job easier and your 

business more profitable? 
 What are your most common complaints from operators, maintenance, other? 
 What serviceability issues do you have with our current product? 

 What non-Cummins engines do you operate? 
 What are the strengths/advantages of our competitors’ engines? 
 Who do you believe are the market leaders in price, service, fuel economy, reliability? 
 What factors would compel you to switch engine suppliers?   
 What would make our engines more attractive in your market? 

 What would you like to change about our current products? 
 What features do you like regarding our current products and why? 
 What do view as critical needs for the equipment you operate? 
 Please consider the following elements of a product and provide your input. 

 What attributes are important?  (Rank 3 = critical, 2 = important, 1 = nice to have) 
 

Attribute Customer’s Definition Rank 
Purchase Price   
Operating Cost   
Resale Value   
Reliability/Uptime   
Service Intervals   
Serviceability   
Fuel Efficiency   
Durability/Life to Overhaul   
Power/Rating Availability   
Load pick-up   
Size/Packaging   
Alternate Fuels Capable   
Noise   
Visible Smoke   
Altitude capability

Customer Selection
Matrix

Customer
Discussion

Guide

Sociable Products
blue-1

Must meet Tier 4 emissions requirements
red-1

Must meet Tier 4 emissions requirements.
voice-1

Sociable Products
red-2

Product must be visibly clean in terms of
leaks and smoke

voice-2

Products must be low noise
voice-3

Whole Business Solution
blue-2

Whole business solution
red-3

Deliver a whole business solution
voice-4

Products must be reliable and durable
blue-3

Products must be reliable
red-4

Product must be reliable and durable
voice-5

Products must be robustness to
environmental and application variations

blue-4

Self Adaptable
red-5

System must be have robust controls for a
diversity of customers and applications.

voice-6

Systems must have environmental
robustness

red-6

System must be designed to prevent ignition
source for fires

voice-10

System must be robust to global fuel and oil
variations
voice-7

System should be robust to service abuse
(missing intervals)

voice-8

System should be easily serviced in the field
voice-9

Life-Cycle Cost
blue-5

Installation Cost
red-7

Minimize customer installation impact cost
over the entire Tier 4 time period

voice-11

Flexibility in aftertreatment suppliers is
important to some customers to allow them to

be more cost-effective
voice-12

Installation requirements should be clear and
easy for application engineers and customers

voice-13

Controls should have the flexibility to
integrate the engine and machine controls,

diagnostics, and monitoring
voice-14

Develop and sell an integrated engine and
aftertreatment package

voice-15

Minimize the cost of developing and releasing
options for the many applications

voice-16

Operating Cost
red-8

BSFC facilitates a competitive edge
voice-17

Aftertreatment maintenance if required should
align with engine service

voice-18

No additional fluids for the customer to
manage
voice-19

Initial Cost
red-9

We must be a low-cost provider because
we're not a premium product

voice-20

Leverage a common architecture with
flexibility to be applied to a diverse customer

base
voice-21

Leverage Tier 3 or on-highway technology
voice-22

Meet customer power requirements

Meets customers power requirements
red-10

Powermatch can be used to generate some
ratings

voice-23

Same or improved power density over Tier 3
voice-24

Cold start capable under high parasitic load
voice-25

Power buldge capability
voice-26

Minimize impact on heat rejection
blue-7

Minimize impact on heat rejection
red-11

Minimal impact on heat rejection
requirements

voice-27

Achieve Tier 4 Emissions Requirements

Lube Oil Carryover +
Idle UHC ppm +
Bosch Smoke + +
Noise dB

Projected Tier 4 system B50 life increase/decrease - -
Time to service new components

Projected Tier 4 system RPH increase/decrease - -
Meets Power Gen D2 Cycle

Noise sensitivity - - - -
Fuel & Lube Sensitivity - - - - - -
Tunable Emissions - -
Altitude Capability without derate - -
Service interval - - -
Life-cycle Cost - - + - - -
Application specific development cost for total Tier 4 design - - - -
Estimated Tier 4A engine/aftertreatment installation cost increase/decrease over Tier 3 - - - +
% of existing options requiring redesign - -
% increase in options - - - - - - -
BSFC - - - + -
NPV by Platform - - - + - - +
% of Subsystem Architectures common with existing technology + + + - + + +
% of Subsystem Architectures common across platforms +  + - + + +
Powermatch compatibility +
HP/L - - - - - + -
Transient Response Time - - +
RPM Speed Stability +
Heat Rejection to CAC - - - - - -

Heat Rejection to Coolant - - - - - -

Competitive
Maximize, minimize, or target  T - - - - - + - - - - - - + + + + T T Products
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Must meet Tier 4 emissions requirements. 10 9 3 9 9 3 3 0 3 9 9 9 9 3 0 0 9 9 1 9 9 9 3 9 9 9 9 0 9 9

Product must be visibly clean in terms of leaks 10 1 9 0 0 0 1 0 3 0 1 1 0 0 0 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0

Product should have cold start capability without white smoke 9 3 0 9 3 0 1 0 3 0 3 1 1 9 0 1 1 1 0 1 0 1 1 1 1 0 0 0 0 0

Product should not have black smoke 8 9 0 0 9 0 1 0 3 0 3 1 3 3 0 0 0 1 0 1 1 1 1 1 3 0 3 0 0 0

No noticable changes is smell or sound compared to current product. 5 0 3 0 3 9 0 0 3 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0

Products must be low noise 6 3 0 0 0 9 0 0 1 0 0 0 0 0 0 3 3 3 1 3 0 3 0 0 0 3 3 1 3 3

Products must be durable (life to overhaul) 7 3 3 0 0 0 9 0 1 1 3 3 3 3 3 9 0 0 0 0 1 3 1 1 1 3 1 0 1 1

Develop diagnostic & prognostic algorithms 4 1 0 0 0 0 9 9 3 0 1 0 0 0 0 3 0 0 0 0 0 1 1 1 0 0 0 0 0 0

Products must be reliable 10 3 3 0 0 1 3 0 9 1 3 3 3 3 3 9 0 0 1 1 1 3 3 3 1 3 1 3 1 1

System must be have robust controls for a diversity of customers and applications. 6 9 0 9 9 3 3 0 9 3 9 3 3 3 1 1 0 1 1 1 9 1 3 3 3 3 1 9 1 1

System must be robust to global fuel and oil variations 6 9 3 3 9 1 9 0 9 0 9 9 1 0 1 1 3 3 1 1 3 3 1 1 0 1 0 0 1 1

Technology/architecture is flexible to be easily modified for global sales at multiple 
emissions levels. 9 3 0 3 1 3 3 1 3 3 3 3 9 0 1 0 3 3 3 1 0 3 1 3 0 1 1 0 1 1

System should be robust to service abuse (missing intervals) 3 0 0 0 0 0 3 1 3 0 0 0 0 0 9 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0

System should be easily serviced in the field 9 0 0 0 0 0 3 9 3 0 0 0 0 0 0 9 3 0 3 3 0 1 0 0 0 0 0 0 0 0

Maintain or improve altitude capability 8 3 0 9 3 0 0 0 1 0 3 0 0 9 0 0 1 3 0 0 0 3 1 1 0 1 0 0 1 1

Minimize customer installation impact cost over the entire Tier 4 time period 7 3 1 0 0 3 0 0 0 0 0 0 3 3 0 9 9 3 3 3 1 9 3 3 1 3 0 0 9 9

Flexibility in aftertreatment suppliers is important to some customers to allow them to be 
more cost-effective

4 9 0 0 0 0 3 3 3 0 0 0 1 0 0 9 1 9 3 3 3 1 3 3 1 1 0 0 0 0

Controls should have the flexibility to integrate the engine and machine controls, 
diagnostics, and monitoring 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 3 0 0 0 1 0 0 0 0 0 0 0 0

Avoid redesign of existing options. 2 0 0 0 0 0 0 0 0 0 3 0 0 0 0 3 3 3 9 1 0 3 3 1 3 0 0 0 1 1

Minimize the number of new options required to install the new technology 2 0 0 0 0 3 0 3 0 0 3 0 0 0 0 3 3 3 1 9 0 3 3 1 3 0 0 0 1 1

BSFC facilitates a competitive edge 6 3 0 0 0 0 1 0 0 3 3 1 3 0 0 9 1 1 0 0 9 3 1 3 0 1 3 0 3 3

Minimize the impact on existing service tools. 1 3 0 0 0 0 0 3 0 0 0 0 0 0 0 1 0 0 0 0 0 1 9 9 0 0 0 0 0 0

Maintain or improve service interval for the system. 6 3 0 0 0 0 3 3 0 0 3 3 0 0 9 9 0 0 0 0 0 3 1 1 0 0 0 0 0 0

Engine & aftertreatment control system does not require compressed air 3 3 0 0 0 1 0 1 1 0 0 0 0 0 0 3 3 3 1 3 0 1 3 0 0 0 0 0 0 0

Service cost must be competitive 5 3 0 0 0 0 9 9 1 0 0 0 0 0 9 9 0 0 0 0 0 3 3 1 0 0 0 0 0 0

No additional fluids for the customer to manage 3 3 0 0 0 0 0 1 3 0 0 3 0 0 1 3 3 3 1 3 3 1 0 1 0 0 0 0 0 0

Leverage a common, integrated architecture with flexibility to be applied to a diverse 
customer and application base 7 9 0 0 0 1 0 1 1 9 3 9 3 3 1 3 1 9 3 3 3 9 3 9 3 3 3 9 0 0

Initial Cost must be competitive 10 3 0 0 0 1 0 0 0 3 0 0 1 1 0 9 3 9 3 3 1 9 3 3 1 3 0 0 3 3

Leverage existing technology 8 3 0 0 0 1 1 3 3 1 0 3 0 1 1 3 0 9 3 3 3 9 9 1 1 3 0 0 1 1

Powermatch can be used to generate some ratings 5 1 0 0 0 0 1 0 1 0 0 0 0 0 0 1 0 3 3 3 1 3 1 1 9 0 1 0 0 0

Same or improved power density over Tier 3 7 3 0 0 0 3 3 0 0 0 0 0 1 1 1 3 3 3 0 0 3 3 3 1 0 9 1 0 3 3

Operator feel should be maintained 8 3 0 0 0 3 1 0 3 0 3 0 0 0 0 0 0 0 0 1 1 1 1 3 1 9 0 0 0

Good transient response/load pickup 8 3 0 0 9 1 1 0 1 0 1 0 0 0 0 0 0 1 0 0 3 1 1 1 3 1 9 3 0 0

Platform must be suitable for PowerGen application 7 3 1 1 9 9 1 1 3 9 1 1 3 9 1 3 0 9 0 0 1 1 1 1 0 9 9 9 1 1

Minimal impact on heat rejection requirements 8 9 0 0 0 3 1 0 1 0 1 0 1 0 0 3 9 3 3 3 3 3 3 3 0 9 3 0 9 9
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1 22 7 21 9 12 23 26 2 6 15 18 4 10 30 13 16 17

Target Range  

Ranking Relative to Current Prod. & Competition

##
##

##
##

Requirements KJ HOQ/QFD

Critical Parameter Scorecard

5 Basic Steps
1. Segmentation & Selection
2. Develop Discussion Guide
3. Collect the Voices
4. Translate and Classify Needs
5. Prioritize & Identify Measures

CPM Flowdown
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Air System
Simulation

CFD 
Combustion Code

Optimization
(6   Robustness)

Fuel System
Simulation

σ

Temperatures
Pressures
Air Flows

NOx

PM

Crank Position

In
j P

re
ss

Crank Position

HRR

Crank

Current

Aftertreatment
SimulationN

O
x 

C
on

ve
rs

io
n

time

Leveraging Analysis Led 
Design in Combustion Design
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Provide Recommendation
for Hardware Procurement

Select Operating
Points Representative 

of Duty Cycle

Perform Baseline
Calculations at Each

Operating Point
(Model Validation)

Determine Physical Constraints

Perform Fixed Bowl
DOEs

Does Combustion Recipe 
Meet Emissions and Fuel

Consumption Requirements?

Engine Testing

Compare Engine 
Results to Predicted
(Model Validation)

No Yes

Does Combustion Recipe 
Meet Emissions and Fuel

Consumption Requirements?
Progress to 

Engine Calibration Yes No

Same as
Bowl Depth + +

30% of Bore

6% 0f Bore

6% 0f Bore

8-10%
 of Bore

20% of Bore

~45% of Bore *  Valve pockets blend
   1.5mm min. radius
* Valve pockets as shallow
  as possible

As Small As Possible 1.5mm min. radius 

Combustion Design Process

0

100

200

300

400

500

600

600 1000 1400 1800 2200 2600 3000 3400
Engine Speed (rpm)

To
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 (l
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-ft

)

NTE Zone
DOE
Check Point 

Percent Change in NOx

-Cummins Confidential-
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Fuel Specific NOx (g/kg fuel)
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DPM/NOx Comparison for 400 HP at 2100 RPM: QSM11 Engine

Effect of Injection Cam Timing
KIVA Prediction : Cam #1

Experiment: Cam #1

KIVA Prediction : Cam #2

Experiment: Cam #2

-Cummins Confidential-
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DPM/NOx Comparison for 400 HP at 2100 RPM: QSM11 Engine

Effect of Injection Cam Timing
KIVA Prediction : Cam #1

Experiment: Cam #1

KIVA Prediction : Cam #2

Experiment: Cam #2
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Bowl Parameters :

R

C

OD

hθ

ID

Spray C
@ ~14atdc

L

ω

d

Bore

n*

Sac Center

Move Along This

Path To Vary CR

Combustion Design of 
Experiment Parameters

DOE Parameters for HPCR

Spray Angle
SOI
Injector Protrusion
Nozzle Cup Flow
Swirl
%EGR
% AFM for Nozzle
Squish Height
Number of Nozzle Holes
Injection Rail Pressure
Number of Injection Pulses
Quantity of Each Pulse
Separation Between Pulses

Responses

PM
NOx
Lube oil soot
gisfc
Noise
UHC
CO
PCP
Turbine Inlet Temp
Liquid impingement on the liner
Surface heat flux
Formaldehydes
Heat rejection*
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Emissions Target

New Design – Engine Data

Baseline Design – Engine Data

Baseline Design - CFD

New Design - CFD

Rated Condition

Combustion Model Validation 
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9 months 3 months

Hardware Selection Calibration Development

3 months 2 months

Design Freeze

Months
1          2        3          4          5         6        7  8         9     10       11     12

Conventional

Analysis-Led

Impact of Analysis-Led 
Combustion Design

• Analysis led design reduces hardware selection time
• Explore a larger design space
• Increased ability to optimize fuel economy
• Tailor technology to customers’ needs
• Substantial cost avoidance has already been realized



DEER Conference
August, 2005

Do Not Duplicate
For DoE Use Only

Page 12

Environment

Exhaust
Conditioning

Aftertre
atment

Controls

Application

Optimize Critical Parameter 
Robustness – System Integration

Engine
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Optimize Critical 
Parameter Robustness

• Understand the subsystem interactions
• Understand environment & application 

variations
• Optimize system for best fuel economy
• Design for system robustness
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CyberApps
(Application)

Environment

Route

Vehicle / Test Cell

Simulation Control

Engine

MODEST
(Engine)

Simulation Analysis

Air Handling

Power Cylinder

Controller

Aftertreatment

Fuel System (future)

Cooling System

Lubricating System
(future)

Controller

Aftertreatment

Individual Aftertreatment
Components

Machine Layer
Governor Controls

Emissions

Fuel System (future)

Application
Cooling System

Application
Cooling System

Engine Layer Controls

Engine Subsystem
Controls

Optimize Critical Parameter Robustness –
CyberApps System Modeling Tool

Matlab/Simulink
Based
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Conclusions

• More stringent emissions standards & increasing 
pressures to maintain fuel economy while minimizing 
impact on cost and customer application drive the need 
for a new approach to technology development

• Cummins is leveraging Six Sigma and Analysis-led design 
to develop the right technology for our customers

• Analysis results for Tier 4 Interim are promising –> 
opportunities to maintain or improve Tier 3 fuel economy

Cummins Inc. thanks –
The United States Department of Energy

for their substantial support 
throughout this program
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