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Based on extensive
research from 30
published papers
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Dr. Dheera] Gosala
Research engineer, Cummins

Powering Business Worldwide

Dheeraj Gosala is a research engineer in
the Advanced Systems Performance
group in Cummins Research &
Technology. He works on advanced
controls development for next-generation
spark-ignited and diesel engine systems
within electrified commercial vehicle
powertrains.

Dheeraj graduated with a PhD from
Purdue University in 2018. His doctoral
dissertation investigated the potential of
diesel engine variable valve actuation,
Including cylinder deactivation, in
achieving fuel-efficientemissions
reduction.
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Dr. Cody Allen

Assistant Professor, University of lllinois

«  Cody Allen is an Assistant Professor at the University of
lllinois at Urbana-Champaign in the Department of
Agricultural and Biological Engineering.

« Hisresearchfocuseson creating cleaner, more efficient
heavy-duty vehicles by exploring advanced powertrain
technologies and architectures, including works resulting in
over a half-dozen peer-reviewed publications related to
diesel engine variable valve actuation and cylinder
deactivation. He also develops model-based control
algorithms and validation tools for machine automation
leading to improved productivity, efficiency, and safety.

*  Prior to joining the faculty at the University of Illinois, Cody
worked as a Guidance, Navigation, and Control Engineer for
Boeing Defense, Space & Security.

« Hereceiveda PhD in Mechanical Engineering from Purdue
University in 2019, MSME from Purdue in 2016, and BSME
with high honors from the University of lllinois in 2014
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Dr. James McCarthy, Jr.

Chief Engineer for Vehicle Technologies and Innovation, Eaton

«  Prior to joining Eaton, Jim worked on
diesel engine technologies at Detroit
Diesel

« Focused on product innovation and
growth to develop solutions for engine
technologies to conserve fossil fuels
and reduce emissions

* Holds a Ph.D., Masters of Science and
Bachelors of Science in Mechanical
Engineering from Purdue University
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Dr. Eckhard Groll

Head of the School of Mechanical Engineering, Purdue University

. Dr. Eckhard A. Groll is the Reilly Professor of Mechanical Engineering
and also serves as the Head of Mechanical Engineering.

. He received his Diplomain Mechanical Engineering from the University
of the Ruhr in Bochum, Germany, in 1989 and a Doctorate in Mechanical
Engineering fromthe University of Hannover, Germany, in 1994.

. Prof. Groll teaches thermodynamics and his research focuses on the
fundamental thermal sciences as applied to advanced energy conversion
systems, components, and their working fluids. He is a world-renown
expertin positive displacementcompressors and expanders.

. He has been the principal investigator or co-principal investigator on
more than 120 research grants and more than 40 educational grants
from various governmental agencies, professional societies, and more
than 30 differentindustrial sponsors.

. He has authored or co-authored more than 370 archival journal articles
and conference papers. He has been the co-author of 4 book chapters
and the editor or co-editor of 7 conference proceedings.

. He serves as the Regional Editor for the Americas for the International
Journal of Refrigerationand is a fellow of the American Society of
Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE).
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Undergraduates

= More than 97% of Purdue ME
students graduate with industry
experience (internships, co-ops, and
research)

= /5% of graduates go to work in
iIndustry (automotive, aerospace,
defense, energy, biomedicine,
manufacturing, management, and
much more!)
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Company-Sponsored Student Design Projects

» 14 senior design projects (approx. 28% of alll

teams) were direct collaborations with industry
partners

« Teams of 4-6 seniors spend their final semester
tackling a company’s engineering issue

« Could be a manufacturing problem, a new feature for
an existing product, or any other issue large or small

« Many companies implement their designs, and hire
the students right after graduation!

= Corporate Partners Program has grown to
Include 13 partners

(Phillips 66, EBI, Modineer, ArcelorMittal, Eaton, Lilly,
Sandia, Norfolk Southern, Exxon, Altair, Lawrence
Livermore, Air Products, Whirlpool)

Rolls-Royce’ ¥ BorgWarner rRobot BOEING

Transmission. GRUMMAN
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A Master’s Degree for Working Professionals ﬁ%

GRAD ENGINEERING

» 26% of Purdue ME graduate students D

are fully online

; : “This degree has opened doors for me into a
" Purdue ME’s Online Masters program new position on the research side here at

ranked #1 in the country by US News  3Mm. Corporate R&D is something | had
always wanted to get into from the beginning
& World Report and this Purdue program has really enabled
= Flexibility for working professionals, that to happen.”

anywhere in the world

ONLINE

MASTER'S
RPN HELPED

57 PURDUE | s MY CAREER

UNIVERSITY

* purdue.edu/ME/online




Purdue i1s a Research Powerhouse

» Purdue generates half a billion dollars in research funding every year
» World-class facilities and labs found nowhere else

* 90 mechanical engineering faculty in 21 different research areas

= $38.1 million in research expenditures in 2019-20

= More than a 50% increase in just 4 years! '

= Just recently:

« $8M from US Army for Energetic Materials research

« $5M from NSF to use augmented reality in
manufacturing worker education

« $5M from NSF for precision agriculture with
Internet-of-Things
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MECHANICAL ENGINEERING
RESEARCH AREAS

o) ACOUSTICS & <
NOISE CONTROL F APPLEATIORARERS q S MANUFACTURING

@ ADVANCED FUNDAMENTAL ACADEMIC AREAS Q MICRO &
MATERIALS . NANOTECHNOLOGY
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Many ways to get involved!

* There’s a place for your research at Purdue!

= Sponsor a project with one faculty, or participate
In a research center

= Share costs with government-funded projects
from DOE, DOD, NASA, etc.

= Small-business grants

available for startup companies
m B

e 1 TINN TR U
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Dr. Greg Shaver

Professor of Engineering, Purdue University
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Powering Business Worldwide

Dr. Shaver is a Full Professor, University Faculty

Scholar, and College of Engineering Early Career
Research Award recipient. He joined the Purdue
Faculty in 2006.

He is focused on creating challenging, interesting,
relevant, career-launching research and learning
opportunities for Purdue students. His research
program is dedicated to clean, safe, and efficient
commercial vehicles — via advanced diesel & natural
gas engine systems/controls, powertrain electrification,
and vehicle automation/connectivity.

His efforts are well known in the industry and regulatory
agencies, including the U.S. EPAand California Air
Resources Board. This is a result of Greg’s students
and industry collaborators demonstrating that future
diesel engines can simultaneously reduce emissions
(NOx and soot), fuel consumption, and CO, emissions
through the use of variable valve actuation (VVA) and
cylinder deactivation.

Greg earned graduate (PhD 2005, MSME 2004) and
undergraduate (BSME 2000 w/ highest distinction)
degrees from Stanford and Purdue, respectively.

© 2020 Eaton. All rights reserved.



Understanding Diesel Engine Cylinder Deactivation

(and some context relative to other approaches)

October 215t, 2020
Pl: Dr. Gregory Shaver

Project management: Eric Holloway

With funding from, and in collaboration with:

PURDUE c E.-T°N
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

BTE Get-hot '
_ Opencyclen | Close cyclen o s
L e Higher exh eliminate
Lessint-  Lower More Higher  Higher Lower exh Higher Higher Higher flowi.e. elevated
to-exh exh optimal TOTvia TOTvia flowi.e. fuelflow  fuelflow | TOTvia higher exht. NOHP
gas man heat lower lower lower via via lower airflow man. E(_ER at

Summary exchange  press release airfflow heatloss airflow |0 ocE  lowercce | heatloss rate pressure idle
1. Miller cycling | | | | | | | | | |
2. Dynamic charging | | | | | | | |
3. Cylinder deactivation | | | | I Il
4. Dynamic cylinder activation | | | | |
5. Non-fired cyl. ventilation | | | | I
6. Cylinder cutout | | | | || | |
7. Reverse breathing | | | | I
8. Intake rebreathing | | | | I e
9. IVC modulation | | | |
10. Internal EGR
11. Early exhaust valve opening|
12. Late exhaust valve opening |
13. 2-stroke breathing + VVA |
14. High speed idle + VVA |
15. Challenges with CDA?
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.
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Presentation focusis cylinder deactivation (CDA), but | will draw comparisons to several othermethods.



Experimental Setup at Purdue University
Cummins Power Lab — Test Cell 1

Cummins 6-cylinder
camless diesel engine

Fully flexible VVA system
Cylinder-to-cylinder,
cycle-by-cycle control

Aftertreatment system
DOC-DPF-SCR

Measurements
Emissions, temperatures,
pressures, flow rates etc.
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Potential for fuel efficiency improvements

with VVA

Closed loop

Expansion

S
S
~.

Close Cycle
Efficiency

V..
Compression=~.

o Exhaust
Open Cycle g‘ \:';“ 7 i s
Efficiency < e o -

Intake
logV

Ways to increase open cycle efficiency

- Reduce intake-to-exhaust manifold gas exchange
- Use VVAto lower per cylinder int.-to-exht. man. gas exchange

(iEGR, IVC)
Mechanical - Use VVAto decrease # of cylinders exchanging gas from int-to-exht.
Efficiency man. (CDA, DCA, NFCV, rev. breathing, cyl. cut, etc.)

- Lower exhaust manifold pressure

- Use VVAto reduce back pressure req’d for thermal management or
to drive HP EGR (CDA, DCA, NFCV, rev. breathing, iEGR, IVC)



VVA improves diesel engine fuel efficiency and aftertreatment thermal management.
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Cylinder Deactivation

Conventional six-cylinder operation Fixed CDA - 3 cylinders firing (3 CF)

000000
N N N R

Fixed CDA - 4 cylinders firing (4 CF) Fixed CDA - 2 cylinders firing (2 CF)

GEIEDEY

U VAR A

e Both valve actuation and fuel injection are disabled
* Fuel injected in the active cylinders is increased to meet torque/power
* Fixed set of cylinders are deactivated every engine cycle

26



Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260 00 ™M oGl
o) ?_ 60% more fuel
=240 I
E |
O
2 220 |
o |
= |
L 200 I120°C higher
E | /
3 180 | /’/8‘6\
() | // *@
5 160 ST 6 cylind
S cylinder
E , : 000000
FE 6CF @ operation
140 yr 4 0 4 d
0.8 1 1.2 1.4 1.6 (6CF)

TM - conventional thermal

Normalized Fuel Consumption management mode

FE — conventional fuel efficient mode



Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260 ™ 6CF/.

o e

< 240 4

E s

© //

2 220 : .

270 s kel

9 200 f e Fixed CDA

o | (3CF)

3 180 :"'60°C higher

e | /

S 160 / :

= | , 6 cylinder

> pd .

- 140 FElecr @ operation ) ? ? ? ? ?
0.8 1 1.2 1.4 16 (6CF)

Normalized Fuel Consumption

CDA achieves elevated engine-out temperatures at lower
fuel consumption



Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

260

N
S
o

220

200

180

160

Turbine Outlet Temperature (°C)

140

CDA achieves elevated engine-out temperatures at lower

0.8

TM 6CF
2cF é* 39% fuel savings /,_/‘
| 7
7/
: ~120°C higher ///
3CF | 41% fuel savin?g/ss/
A<-L——————7/— —————
e S
|| S
l~60PC higher .~
| 1 o
| | //
7
FElscrlg”
1 1.2 1.4 1.6

Normalized Fuel Consumption

fuel consumption

Fixed CDA
(2CF)

Fixed CDA
(3CF)

operation
(6CF)

6 cylinder @9@9@@
P & 4 438
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Cylinder Deactivation — 800 rpm, 1.3 bar (curb idle)

TM 6CF 1.2
260 L e e s e " i Tt it e e
— 2 4 ~ 7 39% fuel savings /_/. |
> | % : FE 6CF i
o 240 2 |
E | ~120°C higher y s ot v
S 220 | 415 ol o 208 |
= |
3 3F, | M%fuelsavimgs % :
2 200 | - Z 0.6 |
< e g 3CF |
3 180 lgobc higher ./ = 0.4 . |
(o) | | / E |
c // [ |
= | | / (@) |
o 160 ’, Z 0.2 !
5 | | /// : :
— | |
140 FElecFlg . |
0.8 1 1.2 1.4 1.6 0 1 2 3 1

Normalized Fuel Consumption Normalized soot flow rate

CDA achieves elevated engine-out temperatures at lower

CDA shows lower engine-out NOx and soot emissions than
fuel consumption

conventional 6-cylinder thermal management operation
1.4
Normalized

exhaust  * g —————
flow rates o5 I I
0.2

TM 6CF FE6CF 3CF 2 CF



Cylinder Deactivation — Elev. Ext. Man. Pressure, at 800 rpm, 1.3 bar (curb idle)

TM 6CF 1.2

260 [ FAFr——— — ————— =
— 2cF f* 39% fuel savings ,_/. !
O 7 FE 6CF '
T 240 | g 1 ¢ i
5 | ~120°C higher S 2 IS AT oL A T™ 6CF
o | / = A @
= 220 /7 o 0.8 !
2 | 41% fuel saving = © i
o 3cF, | A%fuelsaviegs % 3CF w/0 EEMP |
< 200 re®. / Z 0.6 I
- 31:F w/o EEMP - = |
o | N 3CF :
3 180 |~60°C higher 7 « 0.4 * |
Q | | // é :
= | | 7 o |
o 160 /7 Z 0.2 I
= I |
— | |

140 FElecrg 0 |

0.8 1 1.2 1.4 1.6 0 1 2 3 4
Normalized Fuel Consumption Normalized soot flow rate

CDA can achieve elevated engine-out temperatures at lower
fuel consumption
without requiring elevated exhaust manifold pressure
(EEMP)



Cylinder Deactivation — CDA+LIVC and CDA+IiEGR at 800 rpm, 1.3 bar (curb idle)

3CF+iEGR

60 P A @ oo oV e . l

) | : s FE 6CF |

3 240 | 4 g 1 ¢ |
5 ® , ~120°C higher 7 2 T™ 6CF

© 220 | / % 0.8 — ZAQE ———————————— !'

3 | - 2 3CF+EGR

41% fuel savings *

3 e L TS EPE L eyl o 5 © e

& 200 ] . Z 0.6 |

E | | /// § 3CF :

3 180 l~g0Pc higher = s 0.4 ¢ |

() | | // E I

/ — I

= | | et o '

3 160 / Z 0.2 |

z I |

|

140 FElocr g . !

0.8 1 1.2 1.4 1.6 0 1 p) 3 4
Normalized Fuel Consumption Normalized soot flow rate
* CDA+LIVC: Higher TOT, lower fuel consumptionthan 3CF e CDA+LIVC Within desired

 CDA+IEGR: Enables improved TOT vs FC tradeoff e CDA+IEGR | emission constraints



Cylinder Deactivation — Highway cruise 1200 rpm, 7.6 bar GCF

For a single cylinder

Injection current

-
Injection current

Injection current |

* CDA yields higher engine-outlet temperatures than 6-cylinder operation, -] ¢ ; er"cf_"a‘i:;“"defs
| i 1 1 are activ
making it possible to perform DPF regeneration during highway cruise g ;1 < < :
* Fuel penalty with respect to best BSFC 6-cyl operation ?} “ f”
E
600 , B
G Active o - 4CF 5 ; ;
: : . For an activated
a0 550 DPF regen E : (__ . cylinder when 4
= u . cylinders are
Y o & | - . activated
2 500 oo 1R l + 1
g S s i
£ 450 ® E::t E.
= X i )
2 400 6CF T 3CF -
O  FrEFE T For an activated
GC) 350 .FI‘E'QEE ——————— - e cylinder when
o " only 3 cylinders
= g . are activated
~ 300 . . . . gl | M- ]
1 1.1 1.2 1.3 1.4 HER IR AU
Normalized Fuel Consumption =] { LJ 1

20 0 20 40 60 80
Crank angle [CAD]



Cylinder Deactivation — 2200 rpm, 1.3-5.2 bar

CDA results in 4-25% fuel savings, depending on engine load, and yields up to 200 deg C higher engine-out
temperatures

G _a c 1 * ® 9 9
o =
E 5 <s i
5 e 0.9 D
8 S ¢
= — \IG‘(
] ) p@“
= z ® eCF ©
i)
= T 0.8
2 =
) © | =
3 = 3CF
= 150 z 0.7
1.3 2.5 3.8 5.1 6.4 1.3 2.5 3.8 5.1 6.4
BMEP (bar)

BMEP (bar)

34



VVA improves diesel engine fuel efficiency and aftertreatment thermal management.
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8. Intake rebreathing | ) I [ VO e ey | | | | T
9. IVC modulation N I S I | | | IC I
10. Internal EGR T ey e
11. Early exhaust valve opening| | | | | | | | | [ | I I
12. Late exhaust valve opening | | | | | | | | | | I
13. 2-stroke breathing + VVA | | | | | | | | | | | I | | |
14. High speed idle + VVA | | | | | | | | | I | | |
15. Challenges with CDA?
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Dynamic Cylinder Activation (DCA)
Form of CDA with a different set of active cylinders each engine cycle

Fixed Cylinder Deactivation Dynamic Cylinder Activation
Fixed CDA (3 CF) DCA (3 CF equivalent)

4 3 3 <~

A%, A%, 4"
)

¢ o9
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Dynamic Cylinder Activation is studied using two ‘recipes’

Fixed CDA
DCA
alternating pattern
DCA = ¢
aperiodic pattern

@
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Dynamic Cylinder Activation at 800 rpm, 1.3 bar
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1 1.2 1.4 1.6

Normalized Fuel Consumption

Normalized NOx flow rate

1.2

0.8

0.6

Normalized soot flow rate

DCA shows similar fuel savings, exhaust temperatures and emissions

as fixed CDA with equivalent number of cylinders firing

FE 6CF
o
2CF TM 6CF
Y Y QI
o DCA |
(3CF equivalent) |
|
|
3CF |
L 4 |
|
|
I
|
|
|
0 1 2 3
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Torsional vibration in DCA- Additional degree of freedom

Six-cylindey operation

Fixed CDA- 3 CF

| | | | |

Torsional
vibration
(Ang Acc
Flywheel)

Frequency
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Torsional vibration in DCA- Additional degree of freedom

-
-
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Torsional
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¢ ¢

Acceptable torsional vibration —
Switch between fixed CDA and appropriate DCA
strategy depending on engine speed

Six-cylindey operation

Fixed CDA- 3 CF

| | | |
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DCA\(alternating pattern)
3 CF equivalent
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>
J/

Frequency 40



VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

BTE Get-hot '
_ Opencyclen | Close cyclen o s
L e Higher exh eliminate
Lessint-  Lower More Higher  Higher Lower exh Higher Higher Higher flowi.e. elevated
to-exh exh optimal TOTvia TOTvia flowi.e. fuelflow  fuelflow | TOTvia higher exht. NOHP
gas man heat lower lower lower via via lower airflow man. E(_ER at

Summary exchange  press release airfflow heatloss airflow |0 ocE  lowercce | heatloss rate pressure idle
1. Miller cycling | | | | | | | | | |
2. Dynamic charging | | | | | | | |
3. Cylinder deactivation | | | | I Il
4. Dynamic cylinder activation | | | | |
5. Non-fired cyl. ventilation | | | | I
6. Cylinder cutout | | | | || | |
7. Reversebreathing | | | | I
8. Intake rebreathing | | | | |
9. IVC modulation | | | |
10. Internal EGR
11. Early exhaust valve opening|
12. Late exhaust valve opening |
13. 2-stroke breathing + VVA |
14. High speed idle + VVA |
15. Challenges with CDA?
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Reverse breathing and intake rebreathing for stay-hot

260
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N
o
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o
o

0.8

800 rpm, 1.3 bar (curb idle)
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Reverse breathing and intake rebreathing for stay-hot

800 rpm, 1.3 bar (curb idle)

& /

© 240 -

L e Fired Reverse Breathing

‘?c 220 A Fresh air

g 3 CF e
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Normalized Fuel Consumption Exhaust Fresh air

43



Reverse breathing and intake rebreathing for stay-hot

800 rpm, 1.3 bar (curb idle)

S 260 2 CFA ™ GCF//.

oy .

© 240 -

v 7 Non-Fired Reverse Breathing

> e .

§220 NRRB-3qy 7 Fresh air

() B e

e A / * Uses no external EGR I
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= /,@ FRB-1cyf * Low airflow strategy |
, ,

= 180 fmm A QEGR <

> / Vz

2 FREScyt”

) -2¢cy

-_g 160 /,/ EXHAUST || MANIFOLD

5 FE 6CF g~ | l l--l

~ 140 ¢ EGR I
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Normalized Fuel Consumption Exhaust Fresh air
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Reverse breathing and intake rebreathing for stay-hot

800 rpm, 1.3 bar (curb idle)

® /
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Reverse breathing and intake rebreathing for stay-hot

800 rpm, 1.3 bar (curb idle)

260 2 CFA TM 6CF /. 1.2
o 7/
& e FE 6CF
T 240 7 o 1 °
o / ©
3 s > 2 CF TM 6CF
m 220 scp  NFRB-30yl 308 ~———————~ E—————
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£ 200 2 S 06
@ IRB-3cyl B & FRB-1cyl 5 A
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

BTE Get-hot
. L Potential
Opencyclen [Closecyclen Higher TOT via higher ‘o
————————————————————— fuel flow . -
_ L mm e e Higher exh eliminate
Lessint-  Lower More Higher  Higher Lower exh Higher Higher Higher flowi.e. elevated
to-exh exh optimal TOTvia TOTvia flowi.e. fuelflow  fuelflow | TOTvia higher exht. °oFP
gas man heat lower lower lower via via lower airflow man. E(_;R at
Summary exchange  press release airflow heatloss airflow lower OCE lower CCE | heatloss rate pressure idle
1. Miller cycling | | | | | | | | | |
2. Dynamic charging | | | | | | | |
3. Cylinder deactivation | | | | I Il
4. Dynamic cylinder activation | | | | |
5. Non-fired cyl. ventilation | | | | I
6. Cylinder cutout | | | | || | |
7. Reverse breathing | | | | |
8. Intake rebreathing | | | | I e
9. IVC modulation | | | |
10. Internal EGR
11. Early exhaust valve opening|

[EEY
N

. Late exhaust valve opening |
. 2-stroke breathing + VWA |
. High speed idle + VVA |
. Challenges with CDA?

[HY
W

—
D

_
192
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Stock operation for fuel efficiency and thermal management

800 rpm, 1.3 bar (curb idle)
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Internal EGR for fuel-efficient stay-hot while using zero external EGR

800 rpm, 1.3 bar (curb idle)
260 TM 6CF @

N
S
o
AN
AN
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N
o
N
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3£F e
200 /!

180 s

160 s
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Internal EGR for fuel-efficient stay-hot while using zero external EGR

260

240

220

200

180

160

Turbine Outlet Temperature (°C)

140
0.8

Normalized
exhaust
flow rates

800 rpm, 1.3 bar (curb idle)
TM 6CF @

35% fuel savings
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///
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1.4
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Low airflow strategy

Valve profiles for iEGR via negative valve overlap (NVO)

Valve profiles for iEGR via reinduction
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I
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I
I
I
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Internal EGR strategies for stay-hot — Zero HP external EGR

800 rpm, 1.3 bar (curb idle)

No HP EGR
1.2
__ 260 2 CFA
S TM 6CF ® FE 6CF
g /7 o 1 )
T 240 o 5
g / = 2 CF TM 6CF
3 /// o 0.8 - ——m—————— xx—— 1
c 220 NFRB-3cyl y < |
3 3CF, - ® S S 6 3 CF
g 200 IRB-3cyl g o A :
= =4 ./@FRB'%Eyr N FRB-2cvl < Reindulction
2180 @ Reinduction / 8/ © 0.4 R 1 o
3 v £ NFRB-3cyl = :
2 160 FRB-2cyt Z 0.2 IRB-3cyl NVO
= - |
2 140 FE 6CF g 0 |
0.8 1 1.2 1.4 1.6 0 1 2
Normalized Fuel Consumption Normalized soot flow rate

VVA can be used for fuel efficient stay-hot while maintaining all emissions within constraints
without requiring any external HP EGR
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

BTE Get-hot '
_ Opencyclen | Close cyclen o s
L e Higher exh eliminate
Lessint-  Lower More Higher  Higher Lower exh Higher Higher Higher flowi.e. elevated
to-exh exh optimal TOTvia TOTvia flowi.e. fuelflow  fuelflow | TOTvia higher exht. NOHP
gas man heat lower lower lower via via lower airflow man. E§R at

Summary exchange  press release airfflow heatloss airflow |0 ocE  lowercce | heatloss rate pressure idle
1. Miller cycling | | | | | | | | | |
2. Dynamic charging | | | | | | | |
3. Cylinder deactivation | | | | I Il
4. Dynamic cylinder activation | | | | |
5. Non-fired cyl. ventilation | | | | I
6. Cylinder cutout | | | | || | |
7. Reverse breathing | | | | I
8. Intake rebreathing | | | | I e
9. IVC modulation | | | |
10. Internal EGR
11. Early exhaust valve opening|
12. Late exhaust valve opening |
13. 2-stroke breathing + VVA |
14. High speed idle + VVA |
15. Challenges with CDA?

- CDA during transient operation
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CDA during transient operation

HDFTP Profile

2800
2400
2000
51600
T
& 1200
; h 20 _
800 - " 10 &
400 M A A A J M A A 0 %
l | l =
0 -10
0 300 600 900 1200
I Time {sec)
Unloaded idle Curb idle initial Motoring

initial condition condition initial condition

53



CDA during transient operation

CDA at unloaded idle CDA at curb idle CDA during motoring
800RPM, O bar BMEP 800RPM, 1.3 bar BMEP No fueling (0% throttle)
15; : 20- ,
CDA | 6-cylinder 20/ CDA{ 6-cylinder CDA | 6-cylinde
i operation i operation 15  operati
=|10 195] '
(an)] 10+
(a T 10
L 5
g o |dentical to |dentical to : Slightly worse
baseline engine ol baseline engine | 0- ’ than baseline
. operation operation engine operation
% 25 30 a5 0 20 25 30 %0 45 50 55
Time [sec] Time [sec] Time [sec]

6 cyl mode throughout

CDA (4 CF) — 6 cyl mode
CDA (3 CF) — 6 cyl mode
CDA (2 CF) — 6 cyl mode
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CDA during transient operation

CDA at unloaded idle CDA at curb idle CDA during motoring
800RPM, O bar BMEP 800RPM, 1.3 bar BMEP No fueling (0% throttle)
15 T P 20, :
CDA _ i [i} 6-cylinder 200 510 CDA | 6-cylinde
_g E b operation E 15! operati
© | R '
|10 & 15 @i
@ g ! 5 10,
~ © | 5 |
5 5 o gl
> c | : =1 : 5 :
~ Al = Identical to ci Identical to Slightly worse
c ! . . L oo | . . :
ga- baseline engine | > 2 baseline engine | 0- ’ than baseline
SO operation 8 operation engine operation
%0 25 30 as| 0 20 25 30 %0 45 50 55
Time [seC] Time [secC] Time [sec]

6 cyl mode throughout

CDA (4 CF) — 6 cyl mode
CDA (3 CF) — 6 cyl mode
CDA (2 CF) — 6 cyl mode
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

BTE Get-hot

__Opencyclen |Closecyclen e o e
L mmmmm e Higher exh eliminate
Lessint-  Lower More Higher  Higher Lower exh Higher Higher Higher flowi.e. elevated
to-exh exh optimal TOTvia TOTvia flowi.e. fuelflow  fuelflow | TOTvia higher exht. NOHP
gas man heat lower lower  lower via via lower airflow man. E§Rat
Summary exchange  press release airflow heatloss airflow et OCE  lowercce | heatloss rate pressure %'
1. Miller cycling | | Iy | | | | | | | || | |
2. Dynamic charging | | | | | | | | | | || | |
3. Cylinder deactivation N I I N . e | | | I
4. Dynamic cylinder activation ] [ [ [ | | | | |
5. Non-fired cyl. ventilation [ | [ [ | | | | I
6. Cylinder cutout [ ] | | B [ | | | | | [ |
7. Reverse breathing [ N I P e | | | |
8. Intake rebreathing | ) I [ VO e ey | | | | T
9. IVC modulation N S N P I e | | | IC I
10. Internal EGR N T sy e
11. Early exhaust valve opening| | | | | | | | | [ | I I
12. Late exhaust valve opening | | | | | | | | | | I
13. 2-stroke breathing + VVA | | | | | | | | | | | I | | |
14. High speed idle + VVA | | | | | | | | | I | | |
15. Challenges with CDA?
- CDA duringtransientoperation - Charge trappingstudy
- Oil accumulationstudy - Vibration with CDA
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

BTE Get-hot '
_ Opencyclen | Close cyclen o s
L e Higher exh eliminate
Lessint-  Lower More Higher  Higher Lower exh Higher Higher Higher flowi.e. elevated
to-exh exh optimal TOTvia TOTvia flowi.e. fuelflow  fuelflow | TOTvia higher exht. NOHP
gas man heat lower lower lower via via lower airflow man. E(_ER at

Summary exchange  press release airfflow heatloss airflow |0 ocE  lowercce | heatloss rate pressure idle
1. Miller cycling | | | | | | | | | |
2. Dynamic charging | | | | | | | |
3. Cylinder deactivation | | | | I Il
4. Dynamic cylinder activation | | | | |
5. Non-fired cyl. ventilation | | | | I
6. Cylinder cutout | | | | || | |
7. Reverse breathing | | | | I
8. Intake rebreathing | | | | I e
9. IVC modulation | | | |
10. Internal EGR
11. Early exhaust valve opening|
12. Late exhaust valve opening |
13. 2-stroke breathing + VVA |
14. High speed idle + VVA |
15. Challenges with CDA?
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

£ 900.0

o)

% 800.0 * Millercycling
Summary § = * Dynamic cha.rging
1. Miller cycling 700.0 Miller cycling ' - _IVC modulation
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4. Dynamic cylinder activation (DCA) | 40,0
5. Non-fired cyl. ventilation (NFCV)
6. Cylinder cutout 400.0 * Millercycling
7. Reverse breathing * Dynamiccharging
8. Intake rebreathing 300.0 * |IVC modulation
9. IVCmodulation o
10. Internal EGR -_ 2000
11. Early exhaust valve opening (EEVO] .44
12. Late exhaust valve opening (LEVO) CDA
13. 2-stroke breathing + VVA . NECV
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Get-Hot100.0 Dynamic charging

500 1000 1500 2000 2500
Engine Speed (RPM)

IVC modulation
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VVA improves diesel engine fuel efficiency and aftertreatment thermal management.

£ 900.0

o)

% 800.0 * Millercycling
Summary § = * Dynamic cha.rging
1. Miller cycling 700.0 Miller cycling - _IVC modulation
2. Dyl?amlc charg.lng . Stay-Hokop.0
3. Cylinderdeactivation (CDA) =
4. Dynamic cylinder activation (DCA) | 40,0
5. Non-fired cyl. ventilation (NFCV)
6. Cylinder cutout 400.0 * Millercycling
7. Reverse breathing * Dynamiccharging
8. Intake rebreathing 300.0 * |IVC modulation
9. IVCmodulation o
10. Internal EGR -_ 2000
11. Early exhaust valve opening (EEVO] .44
12. Late exhaust valve opening (LEVO) CDA
13. 2-stroke breathing + VVA . NECV
14. High speed idle + VVA _f_ DCA
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