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Introduction
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Diesel Engines

Excellent Reliability
Excellent Durability
Excellent Fuel Economy
Low Engine-out HC
Low Engine-out CO

Low CO, Emission
Contribution

But
NO, and PM Probler
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Superior Durability of Diesel Engines

MKhair
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Superior Fuel Economy of Diesel Engines

City | Highway | Combined | Combined CoO,
mpg mpg mpg gal/mi Reduction
Dodge Durango
-Gasoline 12 17 13.8 0.072 -
-Diesel 20.3 25.0 22.1 0.045 -
+60% Better | 37% Reduced 27%
Dodge Ram 1500
-Gasoline 12 16 13.5 0.074 -
-Diesel 19.8 24.6 21.7 0.046 -
+61% Better | 38% Reduced 28%

DOE-Funded Research at Cummins

MKhair
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Diesel Engines and the CO, Inventory

“The state wants to
cut vehicles’ output
of carbon dioxide by
30 percent over the
next decade, limiting
a major greenhouse
gas thought to
contribute to global
warming.”

calif s to cut vehi 30 per

California's CO2 Plan
Worries Automakers

Cutting Emissions Would Be Costly, Industry Warns

By GREG SCHNEIDER
Staff Wri

ces nationwide without producing much benefit
e

See AUTOS, E5, Col.1
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ilesel Engines and the CO, Advantage
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Diesel Engines and Global Warming
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On-Highway Emission Limits - USA
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Off-Highway Emission Limits

Tier 4 Emission Standards—Engines Up To 560 kW, g/kWwh (g/bhp-hr)

Engine Power

kw < 8
(hp < 11)

8 < kW < 19

(11 < hp < 25)
19 < kW < 37
(25 < hp < 50)

37 < kW < 56
(50 < hp < 75)

56 < kW < 130
(75 < hp < 175)

130 < kW < 560

Year

2008
2008

2008
2013
2008
2013
2012-2014°

2011-2014"

co
8.0 (6.0)

6.6 (4.9)

5.5 (4.1)
5.5 (4.1)
5.0 (3.7)
5.0 (3.7)
5.0 (3.7)

3.5 (2.6)

NMHC

0.19 (0.14)

0.19 (0.14)

NMHC+NOx

7.5 (5.6)

7.5 (5.6)

7.5 (5.6)
4.7 (3.5)
4.7 (3.5)
4.7 (3.5)

NOx

0.40 (0.30)

0.40 (0.30)

PM
0.4% (0.3)

0.4 (0.3)

0.3 (0.22)
0.03 (0.022)
0.3° (0.22)

0.03 (0.022)
0.02 (0.015)

0.02 (0.015)

(175 < hp < 750)

a - hand-startable, air-cooled, DI engines may be certified to Tier 2 standards through 2009 and to an
optional PM standard of 0.6 g/kWh starting in 2010

b - 0.4 g/kWh (Tier 2) if manufacturer complies with the 0.03 g/kWh standard from 2012

¢ - PM/CO: full compliance from 2012; NOx/HC: Option 1 (if banked Tier 2 credits used)—50% engines
must comply in 2012-2013; Option 2 (if no Tier 2 credits claimed)—25% engines must comply in 2012-
2014, with full compliance from 2014.12.31

d - PM/CO: full compliance from 2011; NOx/HC: 50% engines must comply in 2011-2013
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Regulatory Constraints

>

EPA FTP

EPA SET

N-T-E

NOx Checks

IuT

Non-Road (Tier 4a & b)
Locomotive & Marine
CO, Limits

OBD

m ]
C
OoooooooooOow

EURO IV

EURO V

EURO VI

CO,/Kyoto Agreement
ESC

ETC

= Japan

0 New Japanese Transient Cycle
[0 Steady-State 13-Mode

* %t
*
*
*
**

Ooooooo
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What is Needed?

A prosperous future with transportation
Systems That are economically- and
ecologically-friendly
(ECO?)

Can the Diesel Engine Satisty This Requirement?

MKhair 15

Diesel’s Achilles’ Heel
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NO,-PM Tradeoff

1.D.

PRESSURE

4 2 I 3

PM TDC BDC TDC B

CRANK ANGLE

s

TDC T

»

=
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B

c

‘\ :

@

Injection ‘ BDC l

Timing Advanc

NO, ;;
MKhair /Y

Source of PM/NO, Problem

Fuel Injection Combustion

Start of Injection Controls Timing of Ignition
High Temp. Diffusion Flame Creates NO,
Incomplete Combustion in Fuel Rich Zones
Causes Soot Formation

MKhair 18
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Flame Progression in Diffusion Combustion
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A Closer Look at Diffusion Combustion

After-Injection
or Spray-Tail

Liquid—
Droplet |

Independe
Flame Fronts

Spray Lean Edge

Ignition Nuclei

20
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Comparison Between Diesel & Gasoline Combustion

Diesel Engine

(compression ignition)

— fuel injector

\

ll'l

b

\
hot Name region:
mitric oRsdeEs + smoke

Gasoline Engine
(spark ignited)

_ tparkplog
H‘/‘

L

\
I‘-\.

nitric onides

Pt Flmem l_l"lirlulﬂ

Diesel

Heterogeneous Mixture*
High Compression (16-20:1)
Auto-ignition (Chem-T ;-tiy).
High A/F Ratio (23->150:1)
Unthrottled

Low Speed (4-5K)

High PM

Tends to Smoke

Gasoline

Homogeneous Mixture*
Low Compression (8-10:1)
Spark-ignition

Fixed A/F Ratio (14.5:1)
Throttled

High Speed (6-9K)

Low PM

Smokeless Operation

*Heterogeneous: Fuel is injected into air

*Homogeneous: Fuel is pre-mixed with air

MKhair
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The Zeldovich Mechanism

Modified

Note:

N+ O,

Adapted From Caterpillar-K. Duffy-DEER 2002

21

|\IZ' 021 Tcombustion & tresidence

MKhair
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Definition of Particulate Matter

Any Matter In The Exhaust Of
An Internal Combustion Engine (excluding
water vapor) That Can Be Filtered at 125

Degrees (F) Or Less After Equilibration In
Conditioned Air
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Constituents of Particulate Matter

B Carbonaceous-Soot-Black Smoke Carbonacepus & Other

B Trace Metals

B Soluble Organic Matter
- Lube Oil
- Fuel /

W Sulfates SO, +H,0 Soluble (Fuel)

Soluble (Lube Oil)

Is Smoke PM?
Is PM Smoke?

MKhair 24
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Sources of Particulate Matter

1. LOSS OF OIL CONTROL

2. BLACK SMOKE FROM EXCESSIVE RICHNESS
- OVER FUELING

- POOR COMBUSTION
- TRANSIENTS
3. WHITE SMOKE
- COLD START
- MISFIRE

4. OTHER HYDROCARBON ORIGINS
- NOZZLE DRIBBLE

- SECONDARY INJECTIONS

- AFTER INJECTIONS

5. FUEL QUALITY
- SULFUR CONTENT
- AROMATIC CONTENT
- CETANE NUMBER

MKhair

Technical Options
(For In-Cylinder Control)

MKhair
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Aukiliary Emission
"Fontrol Devices
gl

Generalized/Simplified Solutions

Lower Combustion Temperature

For PM Reduction Better Mixing

The balance of this presentation will address these generalized/simplified solutions

MKhair 28



Fuels & Fuel
Additives

e Ultra Low Sulfur
e Low Aromatics
* Emulsions

* Fuel-Borne Catalysts
(Cerium, Iron, Platinum)
* Biodiesel

In-Cylinder Technology

Fuel & Additives

Air

* Induction (Air+EGR)

* Advanced Charging

(VGT, Elect.-Assist, 2-Stage, Cool.)
* Advanced Injection System
(HPCR, No. of Injections, Rate, etc)
« Variable Valve Actuation

* Combustion System

* Model-Based Controls

* Heat Management

Lube Oil

e Low Ash

e Low Sulfur

« AECD-Sensitive

(Phosphorous, Zinc, Other)

* Closed-Crankcase
Ventilation

Auxiliary Emission
Control Devices

*DOC

+ DPF

*LNC

MKhair

* LNT

» Urea SCR

* CB-DPF

* Heat Management

* Non-Thermal Plasma

*

Developments in In-Cylinder Technologies

m Fuel Injection System

m Combustion System

m Induction, EGR , and
Charging Systems

m Valve Train

MKhair 30



Fuel Injection System Developments

MKhair

*
Effect of Injection Timing Retard

10

31

TRANSIENT CYCLE NO, (G/BHP-HR)

10 12 14 16 18

STATIC TIMING (DEG. BTDC)

MKhair
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NO,-PM Tradeoff - Review

PM

\

PRESSURE

1.D.

2 | s !

TDC

Injection
Timing

()
—
=)
(7))
0
()
—
o

NO,

MKhair
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BDC TDC BDC

CRANK ANGLE

l

<
(]
TDC
9]
=
®
A=
25
!
‘ =
®
BDC l

Mechanism for Reduced NO,

//

Combustion

—  Pressure

Combustion
gssure w. Retard

Needle Lift -

Compression
Pressure

Not to scale-for illustration only

TDC
Crank Angle

MKhair
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Effect of Injection Timing Retard on Fuel Economy

3 4 5 6 7 8 9 10
NO, EMISSIONS G/BHP-HR

MKhair

*

s 14
>
= 12
S
o 10
&
_, 8
5
o 6
Z
N 4
3
- 2
O | | | | | | -

11

35

Effect of Injection Pressure on Fuel Consumption

PEAK INJ. PRESSURE
O 10K PSI fY 14K PSI

Advantage
in Fuel
Consumption

ISFC G/IHP-HR

160

1 2 3
ISNO, G/IHP-HR

ISFC=Indicated Specific Fuel Consumption

5

ISNO,=Indicated Specific Nitric Oxides Single Cylinder Research Engine

MKhair
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Historical Progression of Injection Pressure

& 200
% High speed DIl engines
a
5 150}
E —.
g 100l @F [V | P
c _ -
o Heavy-duty E.'I'IQII'IEE.__'__.-“"'
ot
E 50l S s
= — Il e e s B
™ m— Fassenger car IDI engines
E ﬂ 1 1 1 1 1 1 14
o 1920 1940 1960 1980 2000
Year
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Effect of Injection Pressure on Smoke

Normalized Smoke - BN

| | |

8 12 16
INJECTION PRESSURE PSI/1000
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Adding Control Flexibility to Injection Systems

SE:

Needle Lift

fels el

S e B e B S B A R R
1 2 o il 2 1 Al i EEE e
1 1 A 1 2 B B 5 Y S 5 1 A 5 0 S 5 5 1 F el B

B e e L G A S U S folelat

EELEEE L EERL HEEEL LB R
A S B AR B e R Sasan folef e e
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Effect of Reduced Ignition Delay

PRESSURE

TD BD TDC BD D

CRANK ANGLE
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Reducing Fueling During Ignition Delay

@ |__ 4 Peakinjection pressure —
[ Fast end of
® Start of main inj. injection
2 | N
E Start of injection
x|
; T
© | Pressure for boot/
© | pilotinjection dp/dtfor | End of
T Lk - maininj. | injection = f
- (fueling)
T L T 1[-
Time
MKhair 41
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dding Control Flexibility through
Multiple Injections/Combustion Cycle

3 injections ~— 05
=
;' Lo —o— 1305 rpm | "
T 0.4 reerreerenh —{- 1585 rpm |---
=
4&:—; DD 0.35 frmrrrreneene s ——1865rpm |...
5 L S S Engine with high EGR schedul
8 T 0.25 oo N\ Ref. SAE 2002-01-0494
5 =
= =)
= o 0.2
= = 0.15
o 01
> 005 1
[a]

0 T T T
B ¥ T T T T T 100 150 200 250 300

Peak Injection Pressure (MPa)

le [°CA ATDC]

m  Multi-injection fuel injection systems (3-5 pulses per cycle) are important
for alternation combustion modes

in-cylinder reductant injection for DPF, LNT, Lean NO, catalysts

m  Fuel-air mixing can still be improved by higher injection pressure (> 200
MPa) and smaller injector hole sizes
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Most Likely Injection Systems for Future Diesels

Common Rail System CRS  Unit Injector System IS Unit Pump System UPS

; 1600 bar 2200 bar 2000 bar
H Peak Injection Pressures
- Y pumg ref. Bosch

MKhair 43
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Combustion System Developments
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Improved Mixing through Port & Bowl Design

Optimized Swirl Ports

Matching Combustion
Bowls

MKhair
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Improved Mixing through Injector Positioning

MKhair

45

46



"

Better Breathing with Multiple Intake Valves

"

MKhair

Combustion Bowl Designs for Better Mixing

L

‘_/ManD20

/

,’/}

B
s

m Spray-wall interactions are
unavoidable
=1 Avoid liquid impingement

47

(1 Take advantage of jet break-
up and wall-jet opportunities

m Pilot and Post injections

change the bowl shape and

spray angle requirements

1 CAT uses pilot at almost all
conditions
= Spray angle narrower

48
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Adopting Alternate Combustion Modes

(compression ignition)

—-- fuel injector

Gasoline Engine
(spark ignited)

<spark plug

HCCI Engine

{Hoemogeneous Charge
Compression Ignition)

L - 'l‘-\"*ﬁ-‘*
b ol
Yeni U i o

wlx 44 Wiy by

Low temfirature combustion

ultra low emissions

MKhair
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The Main Promise of HCCI for Diesel Engines

49

= 0.1 2004 Regulations
=
o
< 0.075 A
2
[
& 0.05 1
3
.g 0.025 - Recent HCCI Results
o 2010 Regulations
0 +@— : | |
0 0.5 1 1.5 2 2.5
NOx (g/hp-hr)
Caterpillar-DEER 2002 - Duffy

MKhair
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Additional Aspects of HCCI Combustion

a Ultra-low NO, and potentially PM
emissions

a Can achieve similar efficiency .7\

DI-Diesel

BSFC

a High HC and CO emissions
HCCI

0 Recent research focuses on in-

cylinder injection NOXx

O Vaporization difficult with port
injection

MKhair 51
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Issues Associated with HCCI Combustion

B Combustion Phasing and
Control

.Proper Air [ Fuel Mixing
M Limited Load Range

B Fuel Characteristics

Fuel and Air Combustion M Cold Start
Bagin to lgnite
Adapted From Caterpillar-DEER 2002 - Duffy
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Adopting Principles of Low Temperature Combustion

* LTC (Low Temperature Combustion)
» HCCI (Homogeneous Charge Compression Ignition)

» PCCI (Premixed Controlled Compression Ignition)

5 SAE 2001-0-0655; Toyota & ExxonMobil _

naw

Equivalence Ratio ¢

1800

Local Temperature K

Scale (mm)

B Fualk-Rich Pramixed Flama
B Initial Soot Formation

B Thermal NO Production Zone
B Sool Ouddation Zone

SAE 970873 ; Dec

Small Nozzle Holes for Better Mixing

0.25 —
Conditions for Calculations: g 14
. P = P 3
o 0.20 q1,=515¢C E
-
g P, = 5.52 MPa (55.2 bar, 800 psig) - 13 1
e
& 0.15 s
; :
o 5 8 12
o 0.10 1= a .
= o E -
> = ]
2 g 11 4
= 0.05 =
[
Assume Smoke ~ Mixing Parameter é
0.00 &
W

Hole Tip Diameter (mm)

10 . %lrectlon

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Hole Tip Diameter (mm)

1. Mixing Rates Quantified in Terms
of SwRI Defined Mixing Parameter

2. How much fuel survives longer than
0.6 ms during injection at phi>1(rich)?

3. Rich Regions Mean More Soot

—a— SMD at 177 Peak Pressirs
SMD st Peak Prossure -

54
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Effect of Ultra High Injection Pressure
& Nozzle Hole Size

0.144 mm
e 9 4 49 9 49 4 4 4 . 0.128 mm
P 8 0 0 0 0 Dbl

0.086 mm

m Small Holes Produce High Pressure, Small SMD, High

Mixing Rates and Low Soot Formation Rates
MKhair 55

Induction, EGR, & Air Charging System
Developments
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Charge Air Cooling for Lower NO, &
Better Fuel Economy

NOx Emissions, g/bhp-hr

120 155 200
Charge Air Temp., F

Air-to-Air Intercooling For Better Fuel
Economy and Lower NO, Emissions

MKhair 57
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Effect of Intake Manifold Temperature on
Peak Combustion Pressure

Combustion
Pressure

Compression
Pressure

Pressure

TDC TDC

Crank Angle

Not to scale-for illustration only
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Added Charge Air Control through VGT

Variable Geometry Turbo For Better
Charging Throughout Engine Operating Modes

to Control Smoke and Particulate Emissions
MKhair 59
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Higher Boost through In-Series Turbocharging

MKhair 60
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Advantage of High pressure Ratio Charging

Full Load, bmep 18 bar, i = 1.5 constant

5 ‘
R Limit of single stage turbo-charging
9 4|~ due to compressor outiet lemperature -
&:
&
3
g 3 TC Efficiency; ——
= —_— 45%
- == 50%
== 55%
2 y -
0 10 EGR Rate — % 20 30
[ I T I | 1
50 B0 70 80 a0 100

Intake Manifold Mixing Temperature - *C

Moser, Sams, Dreisbach, AVL 2004

The Higher the Pressure Ratio, the Greater the EGR rate & the Lower NO,

MKhair
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Definition of Exhaust Gas Recirculation

EGR
Fresh Total
Air Charge BlEus:
Engine
EGR Calculation EGR Effect

Exh. ircul ' '
wd X 100 1) Q =m X Cp X (TcombA - TEGR )

Total Charge

Exh. gas recirculated

Fresh air + EGR

X 100 2) EGR displaces fresh O,

MKhair
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Why EGR and Not Another Diluent?

100
X
o 80
b4
©
- 60
Ke)
E
3 40
o
17
g 20
/ ®CO, BH,0 &EGR ON,
| |
0 [ [ [
0 5 10 15 20 25 30
Diluent in Intake Mixture, % Volume
DieselNet Technology Guide
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High Pressure Loop EGR System — Short Route

l EGR Valve

EGR Cooler

Air-to-Air Cooler

.

11111

IKE — ot Intake

Compressor|

Turbine

L]
DPF Exhaust
—
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Low Pressure Loop EGR System — Long Route

Air-to-Air Cooler

-— -—
EGR Valve
u I{f K= Intake
|
. — L
B [ ] Turbine %
I 8
» n:
| ©®
. 1}
l\ Exhaust

65
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Cooled HPL Exhaust Gas Recirculation for Lower NO,

(MAT)

EGR Cooler

EGR Valve | :

A ITTITITY

_ ‘. F{_Ijﬁﬂﬂ'r'ﬂ-;
. ‘ position T

position
RPM

(UEGO)
(NOx)
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Monitoring EGR Flow Rate

MKhair 67

*

Close Up of EGR Cooler & EGR Flow Venturi
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Cooled LPL Exhaust Gas Recirculation for Lower NO,

* Caterpillar Regeneration System 60

*

EGR Advantages/Disadvantages

Advantages Disadvantages

® Good NO, Reduction
® |Increased Cooling Load
® No Major Engine Redesign
® |Increased Particulate Matter
® Reasonable Fuel Penalty
- (Relative to Other ® |Increased Fuel Consumption
Technologies)

® Adverse Impact on Durability
® Very Effective at Light Load

" ® Degrades Lube Oil Quality
Conditions
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Other Issues with EGR
® EGR Cooler Fouling/Effectiveness
® Cylinder-To-Cylinder Distribution
® Limitation at High Load Conditions
® Transient Control/Smoke Problems

MKhair
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Fuel Consumption Increase with EGR

200

180 4 LPL EGR (1.2 NO,)

Two DPF No EGR

160
140 - ﬁ
120 ~

100

TNy

Fuel Flow (Ib/hr)
[e0]
o

o]
o
I

40 +

20 ~

O T T T T T
0 200 400 600 800 1000 1200

Time (sec)
——Fuel flow (1.2) —— Fuel flow (2.1) ——Fuel flow (same EGR) —Fuel flow (base) \
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EGR Effect on Air Flow

2500
Two DPF
2000 -
= 1500 I '
>
X
3
2 1000
=
2 500 -
g v - \ F \ ‘ | R - -
0 200 400 600 800 1000 1200
-500
Time (sec)
\ ——Inlet air flow (1.2) ——Inlet air flow (2.1) ——Inlet air flow (same EGR) ——Inlet air flow (base) \
MKhair
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EGR Effect on Smoke
100
90 4
80 A
g 70 A
2 60
Q
g il -
O 50 ‘ I
S |
S 40
£
" 30 A1
|
4 I
10 ik ik wil ! Mud L f
0 L IV T e BN S e ) e 4
0 200 400 600 800 1000 1200
Time (sec)
\—Smoke (1.2) — Smoke (2.1) — Smoke (same EGR) — Smoke (base) \
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Using Multiple Turbochargers for Better Air Control

) O OO =] EGR Cooler

Aftercooler [£] |y X Regulating Valve
HP Turbocharger
(Low Speed/High Load)

LP Turbocharger

4 l (High Speed/High Load)

Sweetland, Schmitt at DEER

MKhair
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Added Valves to Better Control Air Flow
30

25 | Vvalye
Positions
20 :
g
—15
o
(]
€
o]
10
5_
0_
500 1000

1500 2000 2500 3000 3500 4000 4500
Engine speed [rpm]

Sweetland, Schmitt at DEER
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Technical Advances in Turbocharging

MKhair 77

*
Modern LD Production Turbocharging System

PN T |

Large vacuum High Pressure Flap Valve for High
actuator for High Turbine inlet and Fressure
Pressure Turbine exit integrated Compressor Bypass

Bypass

Conventional
wastegate for low
pressure turbine

Piztura Sourcs: BMW Genava Motor Show Press Pack, March 2004, 43pp
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Modern HD Production Turbocharging System

w\astesGated™ m
First Stag e\f""t-
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Valve Train System Developments
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Description of Valve Overlap

COMPRESSION EXPANSION

4
EVC

INTAKE

81

*

Flexible Valve Control System

Variable Valve Actuation
Electro-Magnetic System

Camless Engine Design
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Benefits of Early Valve Closing

Cylinder Pressure
Cylinder Pressure

Volume Volume

MKhair
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Valve Actuation for Emission Control

83

Cylinder Pressure

Volume

MKhair
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Potential benefits of Valve Actuation
n | |

' Valve Overlap O I(rzlrt]ernal EGT for Intake
arge Hea

|

Volumetric Efficiency

01 Cylinder Cutout
1 Early EVO for Reduced

Turbo Lag
1 Fuel Economy
Strategies + EGR .
Control
01 Variable Swirl, Tumble 0 2+4 Stroke
- 1 Flush Cyl Charge at TDC
01 Higher Cranking =
Speeds through [0 Turbo Response with
Cylinder Cutout Delayed Fuel Injection
O Increased Effective [ |
Compression Ratio
MKhair 85
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Example of a Variable Valve Actuation System

m Jacobs Vehicle
Systems Lost
Motion VVA
System
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Other Engines with Internal EGR

m Internal EGR systems are

in production (Mack, CAT, ih ﬁ '
Volvo) -

1 May be sufficient for 19-
56 kW engines to
achieve 4.7g NO,+
NMHC target

Ref. Sturman Industries

MKhair

"

Effect of Cylinder Cut-Out on Exhaust Temperature

—-0-6 Cylinders
-= 3 Cylinders

Tests conducted

Traditional cold
start vs. cold start
with 3 cylinders cut-
out

With Cylinder-Cutout

Results show large
increase in exhaust

Exhaust Stack Temperature (C)

RPM = ~850 (idle)
tem pe rature No Load Conditions

0:05 0:07 0:08 0:10

Time Since Start (min)
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Developments in Exhaust Aftertreatment

m Systems for PM Control
1 Diesel Oxidation Catalyst (DOC)
1 Diesel Particulate Filter (DPF)

m Systems for NO, Control
1 Lean NOx Catalyst (LNC)
1 Lean NOx Trap (LNT)

1 Urea Selective Catalytic
Reduction (SCR)
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Anatomy of a Diesel Oxidation Catalyst

S i
A AL A 3 ok
sl
SRRTRATE
SUBSTRATE SUBSTRATE+WASHCOAT SUBSTRATE+WASHCOAT
+NOBLE METAL
STEEL
CASE ]
EXHAUST GAS IN EXHAUST GAS
= out

CATALYZED SEALING MAT
SUBSTRATE

MKhair Coramic monalith  Precious matal coating

“
Proliferation of Diesel Oxidation Catalysts

m Underground Mining — Over 250,000
m On Road & Off Road — Over 750,000
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Example Installation of a Diesel Oxidation Catalyst

m From 20 to 50% Total
PM Reduction in
Applications Using
<500 ppm Sulfur Fuel

m From 60 to 90% HC
Reduction (Including
HC Species Considered
Toxic)

m From 50to 70%
Reduction in CO

m Diesel Odor Reduction

m Passive device

MKhair 93

Improved Durability of Modern DOCs

100
CQO, fres
20 / and aged
80 _.&,._-ﬁ‘--ﬁ"-— e i
o T F R = -
g 70 i/ J;;
c 60 ,ﬁ
2 /
0w 50
P 77 Hc, fresh
= 40 J! . .
| ﬂ dna agea
o I
L 30 —
) f
20 —
10 £l i
0 I 1 I 1 I I
100 150 200 250 300 350 400 450

Temperature (C)
Aged 80,000 km in 50 ppm sulfur fue. NO,

performance dropped only 10%, vs. 40% for
previous formulations
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Collection of Diesel particulate Filters

MKhair 95

*

Principle of Operation of the Wallflow Design

(d) (o) ) 4
:ﬂn?‘ .

|

o




*

Limitations of the Wallflow DPF Design

P—
—

Filterea
exhaust gas

Diffusion Filtration

Engine
exhaust

Hurmber Mass

 Dimpun D #Particulate Collection
(Filtration Efficiencies of ~ 90%-+)

#Particulate Disposal

(Through the Regeneration Process)

Normaiired Concenraion
G/ Cwni D

Using Fuel-Borne Catalyst to Enhance Regeneration

Uncertain More Consistent
Regeneration Regeneration
A A
150 o i : )

5 s

o 2T = e

£ :

o 1
~ '

o |

© 100 F---mmmm By

S '

=] | i

0 : !

8 E %'ﬂ:hﬂm

= 75 i iR e --uu:- wﬁ"‘“%ﬁ;;é --------------------------------------------------------
o g LR | HE‘ 1 %"”"’"mwm
5 \ i # Mg

) e, 8 i "

I ; W"”’“qu%h ! I (]
[62) g S{0) 5 prosmmssmssemescanag R e S

o ' it
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- i

® '
5 25 —
¥ |

0 E : . .
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Temperature, °C

Swiss Agency for the Environment , Berne 2000
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Regeneration through the CRT Effect or NO, Regen

NO + O, Diesel NO, Di_esel NO + CO,+ CO
— Oxidation Particulateilmm—
Catalyst Filter

=Balance Point Temperature 270°C for CRT

=Balance Point Temperature 250°C for CCRT
NO 0g
#Requires <50 ppm Sulfur Fuel
#Requires NO,/C Ratio of 8:1 Min.-20:1 Preferred

0 00 200 400 400 B0 60D TOD
L Temperature, ¢ !
I =Requires 40% Duty Cycle Above BPT

[
o

m e

=
o

Relative 005 Intensity

=]
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Using a Burner to Regenerate the DPF

Control Unit Untreated

Exhaust
©
(O3 o
m ©L |

Diesel Particulate
Filter

Igniter

Treated

Fuel Supply

vy

Air Supply Exhaust

Temperature Sensor
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Example of an Integrated System for PM Reduction

Fuel Vaporizer

DOC DPF
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Example of a Retrofit System for PM Reduction

[— 000 mmt Pemp — 000 Gubat Temn —F st s P |
I e
I‘ - -Fﬂl'- s i . P B
2 yam e
- 1 L s
= [ W o
e LAy / iy
e 7 kr"}.i"-.. ﬁm v ‘L‘_;A‘ g
=t N, ¥ " [v}':-‘...___“___-_ bia
- I i -
= g L vne
-; r :.
™ "
L L I T T T S PO T I T N LR L R I Heat
Tirme . Bim

- Fully Installed Active System

Fuel Injection Unit

:TarU

Diesel wvapor

Exhaust gas
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The Caterpillar Clean Gas Induction (CGI) System

* Caterpillar Regeneration System 103

*

Principle in DPF Regeneration Control

DPF Pressure Sensor
{P)
L %L
; e

Decision of Regeneration
..

H"H._H Ordinal Mode  Regeneration Mode

Differential Pressure.

Exhaust Temperature

Driving Distance
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NO, NO,

[

NH4

SCR

g

AUXILIARY-EONTROLS

FOR NO, REDUCTION

The Lean NOx Trap (NO, Adsorber or NO, Storage Catalyst)

. -
Jeilple|
i, E

Advantages

m Uses Same onboard HC (Fuel) as the
Reductant

m  Can Achieve Very High NO,
Conversion (>90%)

m Active temp. Range 250-450°C

MKhair

oy N

WDty Comemrnaos MW
i »

30ppm S fecl

2
6= lean, 1s rich Desulfation
+ |
| |
IRegen tion

Disadvantages

Extremely Sensitive to Sulfur
Complex Regeneration Control
Complex/Critical Desulfation Control
Uncertain Durability

High Fuel Consumption Penalty
(1.50-10.0%@95% Conversion)

High Precious Metal Content

106
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Urea Selective Catalytic Reduction—Brief Description

[ = =

4NO + Op +4NH3 4N2 + 6 H20

2NO2 + O2 +4NH3 3N2 + 6 H20

4NO + Op+ 2[CO(NH), | , > > 4N # 2COy+ 4H, 0

Advantages Disadvantages
m High NO, Conversion (90%+) m Requires Additional Fluid on
m Excellent Sulfur Tolerance Vehicle
m Active temp. Range 250-550°C L Infrastr_ucture |SSl-,IeS |
m Proven Durability m Potential Ammonia Slip
a Allows For Engine performance ™ S'2¢ & Packaging

Optimization Flexibility m Regulatory Enforcement
Concerns
MKhair 107
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Example Urea SCR NO, Reduction System

Urea
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NOx/PM Integrated System - Production

SCR

MKhair 109
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Another Example of a NO,/PM Integrated System

i o & e

Denoxtronic PC/LD - e
4 Supply Module
Hydraulic layout fixed on Tank
Unit including

Heating Device
anel Pressure

Engine
* Optional: SCR- Control Sensar
functions in separate Unit 4
ncu including Dosing 7 AdBlue Tank Unit

including Splashing
Measures, Heating
Device,

b of . A Temperature and
Actuators |”| || Level Sensor

SCR- Caontral |
functions Umit* i,

* Only sample phase  Tig

Prassure
Sensor

Mixer SCR-Catalyst
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A Derivative SCR System

BLUETEC - die Technologie fiir die saubersten Diesel der Welt
BLUETEC - the technology for the cleanest diesels in the world

oy |

\

\

=
=""-""'f'-

Ammonia SCR System Details

Abgeinschbehandlung dos E 320 BLUETEC
Exfurusi-gas reatmoent of the £ 320 BLUETEC

Dmptiphanrh gLy 1000
Cmafdrsg Ehoml A0 ¢ aree i

g ter e i pfier Dot Lol gy itoe
gt EMNT ot Ca e fint

PattiLed e SOA-E il sy ha b

P pi it Loie / FER B3l AR i Ter
BLUETEC

BLUETES
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Various Components of the System

MKhair 113

*

Tradeoffs of Various Aftertreatment Architectures

Diesel Particulate Filter System

dd 0 @99 0 @9

PP PP 999 @ 99

| scr Urea-System

'.H..'.'GHHNMIOOO o 9
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Improving Conversion through Better Flow Distribution

— |

TVTRTTaT

Simukntion

*

Accomplishments
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An Integrated System for NO,/PM Reduction - SCR

0.30+
0.25+
. 0.20-
<
2 0154
S
© 0.10-1
0.05+
0.00-
3 ppm 8 ppm 15 ppm 30 ppm
Sulfur Content 0.020-
0.015+
£
£ 0.0104
2
o
0.005+
0.000-

i 3ppm 8 ppm 15 ppm 30 ppm
APBF-DEC Heavy-Duty SCR Project

Sulfur Content
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An Integrated System for NO,/PM Reduction - LNT

I\
B o
oo

o o
By | [,

—1ql..

Al Charge Codler
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A Demonstration By Ford Motor Company

FTP, g/mi
NMOG (e{0) NO, PM

ULEV Il Std 50K [120K] 0.040[0.055] 1.7[2.1] .05[.07] [.010]
Status 10/1/2001 0.026 0.15 0.050 0.0005

USO06, g/mi

NMHC+NO, CcO

Standard, 4K 0.14 8.0
Status 10/1/2001 0.135 -

Urea/SCR - DPF Technology

MKhair
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Example for NOx Reduction Via SCR in LDV

Fhase 1 Phaza 2 Phase 3
T A

100

B0

ﬁ AT 200

10 oMt O | o
]Jw.’”""'\)(......'\t_ﬁtf V= | ]
- R - 150

a0

NOx conversion, %
SCR inlet temperature, 'C
Vehicle speed, mph

40 AL . TRV + 170
' — 90

20 — &0
— 30

0 — 0

— NOx conv (%) — Vehicle speed (mph) SCR inlet T (*C)
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Thank You for your Attention

For More Information Please Contact

Magdi Khair at: mkhair@swri.org
Telephone: (210) 522-5311
Cell: (210) 381-3060
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