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GOAL

To Investigate the engine control strategies needed for
the efficient operation of the after treatment devices
under different combustion regimes, including the
conventional and low temperature combustion
concept (LTC) reaching the smokeless, NOxless
operation.

® MK (Modulated Kinetics) system and associated problems

» Smokeless Rich Combustion system
o LTC-WSU
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Conventional Diesel
Combustion
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Conventional diesel

. Fresh liquid fuel injected
combustion

in the flame, producing
soot ....

Premixed rich charge,
burning producing
luminous carbon, CO

Premixed charge,
burning and producing

K"'tl':“ _ Fresh air and

\.."'"' e combustion products
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Single-cylinder High Speed Direct Injection Diesel Engine

EGR PIPE

ELECTRIC
_AIR HEATER

4  INTAKE

EXHAUST
SURGE TANK = SURGE TANK
COOLING TOWER

ELECTRIC

i DYNAMOMETER

=

COMMON RAIL
FUEL SYSTEM
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ENGINE & COMBUSTION SYSTEM

e Single-cylinder, d=79.5

mm, L = 85mm, 4-V, C.R.= — !
20:1, supercharged. I A / 3Tmm
» Swirl Ratio: 1.4 —7.12 - 4 f
(Gate on the tangential port is closed } \\
to increase SR: 90 is full open) —
: : l;;;léa e—— 36.25mm ——
* High Sguish Flow I

e Common Rail Injection
system, peak pressure = up
to 1300 bar

e Nozzle: VCO, Mini-Sac
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PARTICULATE MATTER INSTRUMENTATION

MINI- DILUTION
TUNNEL for PM

£ Mass ﬂnw
controller
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- Differential

o~ P 2 ol pressure
r r - transducer

Engine
Dynamometer -
‘-— ¥

WSU-CAR
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PARTICULATE MATTER INSTRUMENTATION

ey % ) ‘ Dilution Tunnel

Electrostatic Classifier &
3080

Monitor

Condensation Particul ate
counter

WSU-CAR
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EMISSIONS INSTRUMENTATION

HORIBA MEXA 7100 DEGR

HIGH PRESSURE LIQUID
CHROMATOGRAPHY TO
MEASURE ALDEHYDES

GAS CHROMATOGRAPH
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Test Matrix

RPM
KP1: 900
KP2: 1500
KP3: 2000

LTC: 2000
LTC: 1500

IMEP(Bar)  MAP(Bar

1.2
3.0
5.0

7.0

3.00

1.0
1.2
1.4

1.4 MK
1.2 WSU
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ENGINE OPERATING
PARAMETERS

> |njection Pressure
> EGR
» Retard or Advance timing

> Swirl Ratio
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EFFECT OF Pinj and EGR on the

ElI_NOx (g /kg Fuel)

TRADE-OFF between BSU and NOx
‘ — ‘ —e—EGR =50%
KP2, Mini-Sac 320, —=—EGR =45%
LPP:6-7°aTDC ~—EGR =35%
—+—EGR =25%
I —x—EGR = 0%
- =400bar
" = = 600bar
' : 800bar
Increase In E / - - -1000bar
\ ey,
. < 8asa ; 1200bar
W — =1300bar
A S |
......... K ———— d
| I ?
0 5 10 15 201 25 30 35 4IO 45
I

:4— NOx Penalty
18



OPERAS FOR SYSTEM CONTROL

WITHOUT EGR
7 | | ——e—EGR = 50%
320 mini sac —=—EGR = 45%
6 ——s—=EGR = 35%
e—p—EGR = 25%
—X==EGR = 0%
5 = =400bar
= = 600bar
WITHOUT EGl.{ . 800bar
4 1. LNT.for NOX reduction. This - = =1000bar
- requires: 1200bar
)] l (a) Late modulated post injection 1300bar
M 3 for high engine-out HCs under
acceleration or
(b) Additional HC dosing system
2 \ :

0 5 10 15 20 25 30 35
EI_NOx (g /kg Fuel)

40 45

50
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OPERAS FOR SYSTEM CONTROL

, WITH EGR
~EGRKR = 50%
320 mini sac —®—EGR = 45%
6 ——EGR = 35% ||
—4+—EGR = 25%
—X=—EGR = 0%
5 = =—400bar
WITH EGR: - - ggggar
4 * Highest EGR that gives L. 1000;;
a the minimum NO_ 1200bar
M e CDPF to burn the soot. 1300bar
3 -

0 5 10 15 20 25 30 35 40 45
El_NOx ( g/ kg Fuel )
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OPERAS FOR PROPER [NO, /C] FOR CRT

2

1.8

1.6
8 14
LL
S 124
—
S
= 1 —e—EGR = 45%
° / —a— EGR = 40%
— 038 —+—EGR =30%
E —t+—EGR =25%
1 06 —x—EGR =10%
] —o—EGR =0%

0.4 1 — - -600bar

800bar
0.2 1 KP 3, 430 VCO | .... 1000bar
‘ ‘ 1120bar
O 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

IE_NOx ( g/ kg Fuel)

RPM = 2000, IMEP = 500kPa, Tin = 350k, Pin = 1.4bar, Pexh = 1.8bar, Angle of Ppeak:6-7ATDC
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OPERAS FOR PROPER [NO/HC] FOR LNT
OPERATION

s (g /kg Fuel)

El_HC'

(KP2, 320 MINISAC, LPPat 6°aTDC)

65 \
" / / —e—EGR =50%
/< —=—EGR =45%
55 —+—EGR = 35%
50 é ——EGR =25%
. HC/ NOx : 4.0 A HC/ NOx : 3.5 —x—EGR = 0%
— — 400bar
40 — - -600bar
35 800bar
30 - - --1000bar
——1200bar
25
20 /,x
B5E Qav’/ Lo T T - ] — . — _L-)Y « SRS R Q
_ B\ \g
10 « s@
&
. %
5 Increase in E W
O T ! T !
0 5 10 15 20 25 30 35 40

EI_NOx (g /kg Fuel)
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kg Fuel)
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TRADE-OFF Between NOx and HC's, (KP2 , 320 MINISAC)

LPP at 6°aTDC

.
-
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.

H

C/NOx: 4.0

\\

HC/NOx: 3.5

—&—EGR =50%

—a—EGR =45%

—+—EGR =35%

—+—EGR =25%
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— — 400bar

— - -600bar
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TRADE-OFF MAP: NOx - BSU, 600 bar
KP2 , 320 MINISAC, SANDRIC CC

—e—EGR=58% —a—FEGR =50% —+—EGR =35% ——EGR =25%
—x=—=EGR = 0% 00— -15 --A- =14 —=—-13
—+ 12 —— 11 010 ——-9
5 -8 AT ——-6 —0—-5
A— -4 ——-3 0—-2 —O— 1
} —a—0 —o—1 —A—2 =3
i ¢ —— 4 —@—5 ——LPP 6-7 CAD Misfiring
2 | . 600 bar
- LPP6-7 Line
1.5
= .
w i
m d
1 |
0.5

Misfiring Line F

0 - ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7
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EFFECT OF SWIRL
RATIO
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ISO-EGR SURFACES for NOx

KP3

(g/kg of fuel)
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EFFECT of SWIRL &INJECTION PRESSURE on BSU
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EFFECT of SWIRL & INJECTION PRESSURE on CO

MS-320
EGR: 0 %

20
18

KP3

2000 rpm
IMEP:5 bar

PPL: 6 -7 °alDC
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EFFECT of SWIRL & INJECTION PRESSURE on HC

MS-320
4.5.
4.0
]
& 3.5,
(o)
2
2 30.
&)
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W oos.
KP3
2000 rpm

IMEPSbar Sy,
C
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Formaldehyde (PPM)

Acrolein (PPM)

Aldehydes Emissions

Acetaldehyde (PPM)

Acetone (PPM)

I I T Y
A L | | 3 |

i
"‘ s
AR

ST g

Propionaldehyde (PPM)

g

-
o
NOx in the EGR circulated back to the cylinder (PPM)
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EFFECT OF INJ.
TIMING
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MAP FOR THE TRADE-OFF BETWEEN NOX & BSU SHOWING ISO
TIMING LINES FOR LPP 6-7

$ Misfiring
@ //7
S ‘33@ .
5 S~ e,

Inj. Timing = Const 0, pp

5

NO
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DIRECTIONAL MAP FOR THE TRADE-OFF BETWEEN NOX & BSU

ISO TIMING AND ISO EGR LINES FOR LPP 6-7 TO ML

Smoke

Inj. Timing = Const 6, pp

V P

Q
)(\(

\d
A
15

G
Y

”z
2.
©

>

Reduction| NOX
in NOy
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Sample cylinder pressure & RHR traces

*IMEP = 3 bar Inj Pressure = 800 bar Inj. Timing = LPPC 3.25°aTDC up to misfire
*1500 RPM EGR =50 % SR=7.12
8 Jﬁ —Tinj=41CAD || '
7 || Effect of Inj. Retard ~ Tin=A07S CAD L 43
/ AN Tinj=-9 CAD
6 N\ —Tinj=-75CAD | | .
_/ TN —Tinj=-7.75 CAD
. | / _~— T\ | —Tinj=-7 CAD 90 =~
= /’i\&%/ \ 2
@ T o
2 4 ﬂ— 705
Q.' 3 /\ His is the border line \\ 50 %
- . . : . o’
> Notice the increase in retarded timing N
ID and the duration of /\/5\
2 the cool flame / \ 30
1 p— ML/ >~ ~ 10
. PRV B
—_ 7
0 — — = S S R ‘ — — — .10
-20 -15 -10 -5 0 5 10 15 20 25 30
CAD wrt TDC
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DIRECTIONAL MAP FOR THE TRADE-OFF BETWEEN NOX & BSU
ISO TIMING AND ISO EGR LINES FOR LPP 6-7 TO ML

Smoke

Misfiring
EGR%
T

In
Cr,
| €Qsa -
! ™~ \6 °€ n EG
| —~ —="R
' Inj. Timing = 0, Inj. Timing = Const 6, pp
| / V
: 7 e
¢ P ,%Q’<)(>(\
- / - - \(\\
>
Reduction in Reduction in NOX
NOy NOy
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TRADE-OFF Between NOx and HC, 600 bar
Injection timing effect (KP2 , 320 MINISAC)

65 - | —o—EGR =58% —a— EGR =50% —e+—EGR =35% —+—EGR = 25%
- - 14 —— 11
-8 AT
60 - A— -4 —0—-3
el () o—1
55 , ——4 —— 5
50" | HC/NOX: 4.0
45 - HC/NOx: 3.5
» 40 - 25% EGR
% 35 - 0% LPP = 6-7 CAD, aTDC
W 30
25 -
0 M
15 - ‘ '
10 -
5 |
0~ ‘ ‘ ‘ :
0 5 10 15 20 25 30 35
IE_NOx (g / kg Fuel )
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TRADE-OFF Between NOx and Texh (F), 600 bar

njection timing effect (KP2 , 320 MINISAC)
550 —eo— EGR =58% —8— EGR = 50% ——FEGR = 35% —it— EGR =25% —X=EGR = 0% _
O—-15 -/ - 14 —=—-13 -12 —_—t— =11
530 0----10 ——-9 5 -8 S *—-6 |
O -5 A— -4 ——3 O -2 O
510 —&—0 —o—1 —h— 2 =3 ——4 |
—@—5 = LPP 6-7 CAD Misfiring
I —
L 470 . /%r
% 450 1 \ \ A\ NIk Increase in E
430 | x
410 | — I~ \
390 - ——
370 |
350 : : : : : :
0 5 10 15 20 25 30 35

IE_NOx ( g/ kg Fuel )

40
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TRADE-OFF Between NOx and Texh (F), 600 bar

njection timing effect (KP2 , 320 MINISAC)
550 —e—EGR=58% —=—EGR=50% —+—EGR=35% —*—EGR=25% =—x—EGR=0% |-
m—-15 - </ - 14 —5—-13 —[ 12 —— 11
530 010 —— -9 &— -8 N &—6 |
O 5 A— -4 ——-3 0 -2 —O— 1
510 —=—0 —o—1 —h—2 B3 ——4 |
—e—5 = LPP 6-7 CAD Misfiring
490 | o
— 1 /
L 470 — i
L
% 450 o
= e .
430 E— N G W:\.\%
410 %ﬁ —o— > ‘ =
300 Sei=——s. ‘ :
370 |
/0 L e : e
3 4 5 6 7 8 9

IE_NOx ( g/ kg Fuel )
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550
530
510
490

L 470

% 450
430
410
390
370
350

TRADE-OFF Between NOx and Texh (F), 600 bar

njection timing effect (KP2 , 320 MINISAC)

IE_NOx ( g/ kg Fuel )

—t— EGR =58% —a—=EGR =50% —+—EGR =35% —a+—EGR =25% —x=—EGR =0%
0—-15 - - 14 —=—-13 -12 —_—— 11
010 i 9 & -8 Y *—-6
—O—-5 A -4 —_—— -3 O -2 —O— 1
el () —o—1 i D 03 -4
el = LPP 6-7 CAD Misfiring
" T,
/ w Oy,
\ GQ ~
\‘ (] E—
;%< 1 \\ Increase in E
e
/ X W”"«m
%%a%%
% | Te
T T T T T T 1T T T T I 7 T T \\\\} T T T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
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LTC REGIMES

MK Strategy

e P: Medium injection pressures
e E: High close to misfiring

* IN]. TIMING: Retarded closeto
misfiring

e S: Very high
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DIRECTIONAL MAP FOR THE TRADE-OFF BETWEEN NOX & BSU
ISO TIMING AND ISO EGR LINES FOR LPP 6-7 TO ML

[ Challenges:

1. Remove the M
barriers and
operate in this
LTC Zone?

a

Smoke

2. Reduce the
intolerance to
Injection timing

//70 .
N

ease .
—~ \In\EG,L?

Inj. Timing = 0,

Inj. Timing = Const 6, pp

variations l
| = S
3. Reduce fuel i / Cr ~ 4\6&
Qenalty 4 G‘g/ (;&\0(\
/ Y7 Y
1= —
>
M L < > = >
Mifiﬁr;::lg Reduction in Reduction in Nox
NO NOy
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COMPARISON BETWEEN WSU AND MK ENGINES
NOx-BSU TRADE-OFF

1400 rpm, Qf=20mmA3 29000 rpm, Qf=39.9 mm_"3 )
I : O2 Concentration Reduction(21~15%) A: 0%EGR to 45%EGR 0,=15.5%

Il : IT Retard ( 7 BTDC to 3 ATDC) (1200 bar)

Il Higher Swirl (SR= 3 to 5) B: SR=1.55t0 2.7
C: Inj. Timing Retard(12.5 to 3.5 BTDC)

| 1-Cylinder Nissan Engine 1-Cylinder WSU Engine

Notice the difference
5 1 .
g Inrpm
4 |
=
8 1| & BSU-MK
% 37 = BSU-WSU
7] *
2 _
i KP3
1 A
C
0 JB -
0 160 2(;0 3(;0 4(;0 5(;0 660 700
NOx (PPM)
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COMPARISON BETWEEN WSU AND MK ENGINES
NOx-BSU TRADE-OFF

MK: 1400 rpm, Qf=20.0 mm*3
WSU: 2000 rpm, Qf=19.9 mm*3

55 _
! :;)2 conge”traﬁ'on A: 0%EGR to 45%EGR(1200 bar)
53 | ~° “Ct'on(dl~15Bﬁ)DC . ATDC B: SR=1.55 t0 2.7
” IT I.?etar‘ (..7__ ‘tp . ) C: Inj. Timing Retard(12.5t0 3.5
51 BTDC)
49
¥ A .

oS
(3)]

Thermal Efficiency (%)
i
N
@)
[ |
A
-

» Efficiency-MK

43

m Efficiency-WSU
41 e :

- 2
e
39 I I I I I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
NOXx (PPM)
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LTC - WSU
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WSU (LTC)

Optimum Strategy
* P: High
e E: High but far from misfiring
e Inj]. TIMINg: Advanced

e S. Optimum
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EFFECT OF EGR%
ON ISFC and IS-EMISSIONS

P: 800 Bar, LPPC =5°alTDC, SR=1.44
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BSN vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-
64%, LPPC=5aTDC, Rs=variable

—eo—>SR=1.44
SR=2.59

2 | —e—SR=3.77
—e—SR=4.96

—e—SR=7.12
—_—— E=(
——— E=30
——— E=48
—— E=50
—— E=52
—— E=54
—— E=56
—— E=58
E=60

E:O E=62

— — E=64

— §<—Low Temp. Comb. Regime

-

6 8 10 12 14
ISNOX(g/Kw-h)

V®
N
S

e
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Trade-Off between NOx and BSU
EGR: O to misfiring limit

IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-64%,
LPPC=5aTDC, Rs=1.44

25
—e— SR=1.44
2 i
15 A
4
(/2]
m
l -
E=64%
05 ®
E=0%
®
0 :
0 1 2 3 6 7 8

ISNOx
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EFFECT OF EGR%
P = 800 bar, SR=1.44, LPPC=5, EGR=48, 52, 56, 60 & 64%

E=6D% + SR=1.44

1.8 .

S EVAY

7 1]
. =2 /o
1 kN 52%

0.8 e Ef
» i/ T~ E=48%
041 E=64%
0.2
0 : . . . . — ———
0 0.1 0.2 0.3 0.4 0.5

" 1SNOx [g/Kw h)
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TRADE-OFF BETWEEN ISNO, AND ISFC

EFFECT OF EGR
P: 800 bar, E: 48%, to 64%, LPPC: 5°aTDC, SR:1.44

—B-5R=1.44
270 -
260 -
E E=64%
= 250 -
™ 1 New Batch of LSC
Y ' fuel: CN 40 & 47
Lo
e 240 -

/ E=48%
_'_,_,_-.

. I\.\_’.\r ,ﬁfﬁz__/lzﬁjk_/ff-f'ﬂ

220

0 0.1 0.2 0.3 0.4 0.5 0.6
IS NOx (g/Kw-h)
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TRADE-OFF BETWEEN ISNO, AND ISHC
EFFECT OF EGR

2: 800 bar, E: 48%, to 64%, LPPC: 5"aTDC, SR:1.44

IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=300 bar, EGR=43-64% LPPC=5aTDC, Rs=1.44

a
el R 2

E 4

T Y E=gam;
=67
E5]
=
o 4 -
E 3 E=52%

= —— E=48%

E _ —

-| _

ﬂ T T T T 1

] 0.1 0.2 0.3 0.4 0.5 0.6
IS NOx {g/Kw-h)
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P: 800 bar, E: 48%, to 64%, LPPC: 5°aTDC, SR:1.44

IMEP=2bar, speed=1500rpm, Pint=1.1kar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=48-64%, LPPC=5aTDC, Re=variable

30
25
; 20
=
=
= 15
E E=52%
2 10 - E=48%
..'\‘-._ |
5 -
U' ] | | |
0 01 0.2 0.3 0.5 0.6
IS NOx {g/Kw-h)
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EFFECT OF SWIRL RATIO AT
DIFFERENT IMJECTION
PRESSURES
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TRADE-OFF MAP FOR NO, and BSU
P =1000 bar, R=1.44-7.12, LPPC=5, EGR=48, 52, 56, 60 & 64%

2:
183
16 3
14
12

=

08
06 3
0.4
023

SNL, Feb.1, 05

g1

e £

——[=5]
E=56
E=E0

—i—E=4

- == SR=1.44

--= SR=3.77

=== SR=7.12

ﬂ ] T

ISNOx (giKw h)

0.6

llllllllllll
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TRADE-OFF MAP FOR NO, and BSU

P =1200 pbar, SR=1.44-7.12, LPPC=5 EGR=48, 52, 56, 60 & 64%

1.8 1 P 1200 Bar —n—E=48
16 =g =57
] e =5
bt ——E =60
1.2 ——E =G4
z ] —5=1.44
w 1]
ullF —5=3.77
ol | —5=7.12
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EFFECT OF EGR AND SR ON ISFC

o5 P=800 bar
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STRATEGIES TO MINIMIZE ENGINE
OUT EMISSIONS:

NOXx : 0.06 g/l KW.Hr
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BSN vs ISNOx at Pinj=800 bar SR=1.44-7.12 LPPC 5.0
BSN vs ISNOx at Pinj=1000 bar SR=1.44-7.12 LPPC
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CONCLUSIONS

Conclusions are based on tests conducted on asingle
cylinder small bore CIDI diesel engine under steady
state conditions in the conventional diesel combustion
and LTC Regimes:

1.Operation of the engine in the LTC Regimes has the
potential of reducing the demands on the Aftertreatment
devices since both NOX are fairly low in addition these
regimes are characterized by high HC' s and CO thus
keeping the catalyst warmed up.

2.2-D and 3-D Trade Off maps have been developed to
show the Trade off between NOx, BSU, HC, CO and T-
Exh.
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CONCLUSIONS (Continued)

3. The maps can be used to identify the operating zones for the
engine parameters to deliver the most suitable composition
and Temperature of the feed gasto the Aftertreatment devices
(LNT, CRT and CDPF).

4. Some concerns about the operation of the after treatment
devices under real life engine transient operating conditions
need to be addressed.

5. To meet the emission standards without or with minimum
penalty in fuel economy, initial and maintenance cost, the
design of the combustion chamber and the control of the
Injection system and after treatment device need to be
Integrated.
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Thank you for your
attention




CONCLUSIONS

1. Combinations of different engine operating parameters
obtained from the trade-off maps can deliver the feed gas
with the proper composition for LNT, CRT and CDPF.

2. Some concerns about the operation of the after treatment
devices under real life engine transient operating
conditions need to be addressed.

3. To meet the emission standards without or with minimum
penalty in fuel economy, initial and maintenance cost, the
design of the combustion chamber and the control of the
Injection system and after treatment device need to be
Integrated.
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MAJOR CHARACTERISTICS OF THE

SMALL BORE CIDI ENGINE: —

« High EGR rates reduce NOx, and increase
smoke to a point where any further increase in
EGR reduces smoke in addition to NOx. This is
associated with a noticeable penalty in fuel
economy and an increase in HC and CO and ..

« The same phenomena occurred at all the swirl
ratios.

« At high EGR rates, the increase in the swirl
ratios reduced each of NOx and smoke when
they are high.

OPERAS on thej_p d to th |n the smokeles&rfrless regime sh ed the fol eri% I. Better trade -off than the
MK system, bé&tt Q&@stgm'@n n@ﬂn ﬂtaaﬂ n Q)Gﬂ:lﬁc b@Ehieve the

same resultpq@lg@jﬁg% q@g@@ﬂ%iﬁpel injection system needs to be upgraded.  gtgt-

nnd'-'im’nr B | g preay

integrating-théf engine with the aftertreatment contrals. The results achieved so far have been 43
limited with the capabilities of the hard ware. Better results are expected if the ihardware, and in
particular the injection system is improved..
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Sample cylinder pressure & RHR traces
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BACKGROUND

» Diesael combustion and engine-out gas composition in small
bore diesel engines depends on several design and
operating parameters that have a great impact on spray
atomization, evaporation, mixing, wall impingement,
Ignition delay, premixed combustion fraction, injection in a
well established flame, mixing controlled and diffusion
controlled combustion fractions.

» The proper gas composition for the after treatment devices
can be obtained by Optimizing the main following players
Injection Pressure, KGR, Injection timing Retard or

Advance and Swirl Ratio. “OPERAS”
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BACKGROUND

» The presentation today is based on data obtained in a program entitled
“Characterization of Single-Cylinder Small-Bore, 4-Stroke CIDI Engine
Combustion”.

» Thisprogram is sponsored by DOE Office of FreedomCar and Vehicle
Technologies under the leadership of Gurpreet Singh, and the technical direction of
Dennis Siebers, Manager Engine Combustion, Sandia National Lab.

» Other support comes from U.S. Army TARDEC, NAC and ARC.

> In this presentation we will look at the engine as a part of a system composed of
the engine and the after treatment devices.

» Different types of after treatment devices might be needed for the diesel engineto
meet the strict future emission standards, particularly for NOx and PM.

» Theefficiency of any after-treatment device depends on the properties of the feed
gas, mainly its composition, temperature, ...

» The properties of the feed gas are the result of the in-cylinder combustion process

» New diesel combustion regimes have been devel oped during the last five years.
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TESTS MATRIX

Nozzles : 430 VCO, 390 Mini-Sac, 320 Mini-Sac
RPM IMEP®Bar) MAP®Bar)
Test Points: kP11 900 1.2 1.0
KP2 1500 3.0 1.2
KP3 2000 5.0 1.4
KP MK1 2000 7.0 1.4
KP MK2 1500 3.0 1.1

Injection Pressures: 400, 600, 800, 1000, 1200 Bar

Injection Modes:  Main, Pilot-Main, Main-Post

EGR ratios: 0%, 25%, 35%, 40%, 45%, 50%, S5%
Swirl Ratios: 1.5 -3.00
Injection timing: LPP =6 —7°aTDC to misfiring line
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ENGINE ROAD MAP TO PRODUCE THE
PROPER FEED GAS
TO THE AFTER-TREATMENT DEVICES.

Enane > Atrveaman s
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ROAD MAP TO THE MINIMUM NOx
AND BSU IN LTC REGIME AT
IMEP = 6 bar & 1500 RPM
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EFFECT OF
INJECTION TIMING
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Effect of Injection Timing

IMEP = 6 bar @inj (Dialed CAD)= -6 to -0.75
«1500 RPM Variable EGR = 34% SR=7.12
45
4 ]
351
3 \
EGR 39%
=25
n
o )
15|
1 i
05 |
O l I I I I I
0 0.2 04 06 08 1 12 14
Indicated specific NOx
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Comparison between the optimum trade-off points for two

injection strategies

sIMEP = 6 bar Oinj (Dialed CAD)= Variable
*1500 RPM Variable EGR = 34 to 39%%
45
P: 1200 bar, S: 7.12
4 A B
35 | EGR (%) 39.5 33.4
1 ‘ Oinj (Dialed CAD) -2.5 0.75
EGR 39% HC (ppm) 141 261
=251 CO (ppm) 1625 2480
‘n”n ) ISFC (¢/KW hr) 207 226
LPPC (°aTDC) 10.3 223
5] ey T~
1 Y AN
| (7Y %2\  Injection Retard-
0
0 0.2 04 0.6 0.8 1 12 14
Indicated specific NOx
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Comparison Between POINTS A&B
(P-9)
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Comparison Between POINTS A&B
(RHR)

sIMEP = 6 bar Oinj (Dialed CAD)= -2.5(A), -0.75(B)
*1500 RPM, Pinj=1200 bar EGR = 34%(A) ,39%(B)
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Comparison Between POINTS A&B

(Energy in fuel evaporation & Endothermic reactions)

«IMEP = 6 bar @inj (Dialed CAD)= -2.5(A), -0.75(B)
«1500 RPM, Pinj=1200 bar EGR = 34%(A) ,39%(B)
4 ‘ ‘ ‘
— net RHR /
3 | A
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2 B :
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Comparison Between POINTS A&B

(Energy in fuel evaporation, Endothermic reactions & Cool flame)

-IMEP = 6 bar @inj (Dialed CAD)= -2.5(A), -0.75(B)
1500 RPM, Pinj=1200 bar EGR = 34%(A) ,39%(B)
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The main barrier for A into LTC regime at IMEP
=6 bar & 1500 RPM

Concep_t: The main barrier for point A to move closer

to Zero is the lack of proper mixing of the fuel vapor
and the fresh charge that has lower oxygen content.

Proposed strateqy to remove the barrier with the current
limitations of the CIDI engine hardware

1. Advance injection timing, have LPPC at 5°aTDC to stabilize
combustion at higher EGR rates

2. Apply injection pressures higher than 1200 bar to improve
premixing.

3. Increase EGR to reduce O, concentration and increase ID to
allow more time for mixing

More advanced injection systems can apply different
and more effective strategies
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EFFECT OF Pinj and EGR on the

TRADE-OFF between BSU and NOx

KP2. Mini-Sac 320.
L PP-6-7°aTDC

—eo—EGR =50%
—a—EGR =45%

Increase in E

&’70

g eaSe 1/7 /Q

~Z)

—EGR =35%
—+—EGR =25%
—x==EGR = 0%
- =400bar
= = 600bar
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1200bar
== =1300bar
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El_NOx (g /kg Fuel)

25

June 27,28,2000

i

K ———— O

30

Sh

35

_X€

40 45

18



LEAN NOx CATALYST
OPERAS

* The best HC/NO ratio depends on the type of catalyst formulation,
precious metal loading, hydrocarbon speciation, species used for the
reaction, the temperature, exhaust oxygen content, space velocity,
speed and |oad on the engine.

« HC/NO ratio of 3.88* was found to be the optimum ratio for aLNC,
at aloading condition close to that used in this investigation.
*“Research Approach for Aging and Evaluating Diesel Lean-NOx
Catalysts,” Wayne, W.S. et al, SAE 2001-01-3620

» As ademonstration in thisinvestigations, we chose HC/NO ratios
between 3.5 and 4.0
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CHOICE BETWEEN OPE

LPP at 6°aTDC
HIGHP [LOWP

Initial and Better
maintenance
costs
Engine-out Better
NOx
PM Mass Better

Associated | Better

Ultra fine Better
particles
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TRADE-OFF Between NOx and BSU, (KP2 , 320 MINISAC)

LPP at 6°aTDC
4 —e—EGR = 50%
iL\ —+—EGR = 35%
3 \F\\ ——EGR = 25%
\ —x—EGR = 0%
2.5 N\ = 400bar

BSU

»
Jo N\ T el e
15 + N ‘\‘ \EP \{% - - -1000bar
' ' ~ ——1200bar
1 L\ N~

Qi
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TRADE-OFF Between NOx and Texh (F),
(KP2, 320 MINISAC)

450 | | —e—EGR =50%
LPP at 6°aTDC —a—EGR =45%
425 —+—EGR = 35%
w —+—EGR =25%
;_’ 400 —x—EGR = 0%
E — — 400bar
O — - —600bar
= 375 800bar
7
© - - - -1000bar
O 350 ———1200bar
» 1300bar
>
325 | X |
X
w 300 | X
275 |
250 1 1 1 1
0 5 10 15 20 25 30 35 40

El_NOx ( g/ kg Fuel)
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TRADE-OFF Between SFC and Texh (F),

(KP2, 320 MINISAC)
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CONTINUOUSLY-REGENERATING TRAP
(CRT) OPE

NOx / C ratio required is
(a) at least 8 (SAE 2001-01-1947)
(b) between 16 — 24 in HD engines(SAE 2003-01-0770)

*As ademonstration in thisinvestigations , we chose NOx / C
ratios between 8 and 16.
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BSU

TRADE-OFF Between NOx and BSU,
(KP2 , 320 MINISACQC)

—e— EGR = 50%
T —a— EGR = 45%
3.5 \ —+—EGR =35%
. —t—EGR =25%
\ —x=—EGR = 0%
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Trade-off Between NOx and BSU at KP3, Minisac-320

——45% EGR —8— 35%EGR —@—25%EGR —A—0%EGR = =600 Bar 800Bar
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RPM=2000,IMEP=500KPa, Tin=170F,Pin=1.408ar,Pex=1.808ar, LLEP at 6°aTDC
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ISO-PLOTS for the TRADE OFF BETWEEN
NOx &BSU

Penalty in
NO




600 bar, LTC

e Characterized by long delay
after end of Injection
- Injection retard

- High EGR
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EFFECT OF INJECTION TIMING R &A on the
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(9/Kg of Fuel)

El_CO

TRADE-OFF Between NOx and CO, 600 bar
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ISO-PLOTS for the TRADE OFF BETWEEN
NOx &BSU

Penalty in
NO




ISO-PLOTS for the TRADE-OFF BETWEEN

NOx &BSU
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M-L (MISFIRING LINE) POINTS

0.45 1:58%, 1000, -8

0.40 O 2 : 58%, 800, -7

0.35 7 VAR « 3 : 58%, 1200, -8
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7 W ]EO@Z 6 : 35%, 800, 1

0.20 - 7 : 35%, 1000, 1
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M-L (MISFIRING LINE) POINTS
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OPERAS for LNT

Typical Operation under Steady State
. (Composition and Temperature),

Adsorption ———————»¢——»

-2--T1

Regeneration

Regeneration

Hydrocarbon Sources
Injection In-Cylinder njection Up-Stream o
Trap

e Simpler

e Less Cost

*Better Evaporation and Mixing

@ Concerns:
% Partial Oxidation Products
# Fuel reaching Lube Ol
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OPERAS for LNT

Concerns

@ Effect of the following species on LNT operation

@ LNT Operation under transient modes

Cold Starting
Warming Up
Hot Acceleration
Deceleration

@ Species generated from lube Oil Addi
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Formaldehyde (PPM)

Acrolein (PPM)

Aldehydes Emissions, KP2
L PP.6-7°alTDC

Nt

ARG -] T
NS

Propionaldehyde (PPM)

Acetone (PPM)

~
w

g

NOx in the EGR circulated back to the cylinder (PPM)
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Operating Conditions
« IMEP=3Ba
e  Engine Speed= 1500 rpm

Operating Variables
* Injection Pressure: 600, 800, 1000, 1200 Bar
« EGR Rate: Variable up to misfire limit

 Injection Timing Retard Or Advance for LPPC =
5°alDC

. Swirl Ratio: Variable 1.44to 7.12
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TRADE-OFF MAP FOR NO, and BSU

F =800 bar, SR=144-712  LPPC=5 EGR=01064%
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EFFECT OF SWIRL RATIO
ON COPRESSION TEMPERATURE

960 1 E———
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Crank Angle (Degrees)
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EFFECT OF SR ON I D, 800 Bar
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EFFECT OF INJECTION PRESSURE ON MAXIMUM
RHR, EGR = 64% LPPC = 5°aTDC

N W W
oo o O

=
o1

Max RHR (J/ICAD)
= N
ol o o

o

Effect of Injection Pressure on Max RHR

—e— Seriesl

200

400

600 800 1000 1200 1400

Injection Pressure, (Bar)
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EFFECT OF EGR ON ID AND MAXIMUM RHR
1200 bar, EGR: 50% to 64%, LPPC =5 °aTDC
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EFFECT OF EGR ON ID AND MAXIMUM RHR
600 bar, EGR: 50% to 64%, LPPC =5 °aTDC
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COMPARISON BETWEEN MK AND
WSU STRATEGIES

ISFC vs ISNOx E=60% Pinj=1200 LPPC=10.5 and 5 Fuel2
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IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=50,56,60 & 64%, LPPC=5aTDC, Rs=7.12

80 - - = = motoring
E=50%
70 ——P=800, E=50,
S=1.12
motor 56%
60
/ \ P=800, E=56,
50 /g% S=7.12
9‘ \ motor E=60%
< |
© 40 \\ P=800, E=60,
- \ S=7.12
or 0 1 \\ - =+ = motoring
x E=64%
o ——P=800. E=64,
20 / 1 S=1.12
10 / / N
| /"\/ &M_
i ST ]
L S — e s et T e e
*"\__/
-10
-20.00 -15.00 -10.00 -5.00 0.00 5.00 10.00 15.00 20.00
Crank Angle (Degrees)

EFFECT OF EGR%: 50%,56%,60% and 64%
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CLEERS: May 17, 2005 N. Henein - WSU



EFFECT OF EGR%: 50%,56%,60% and 64%
SR:7.12

Effect Of Swirl,
IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=50,56,60 & 64%, LPPC=5aTDC, Rs=7.12
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EFFECT OF EGR%: 50%,56%,60% and 64%
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Effect Of Swirl,
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EFFECT OF EGR%: 50%,56%,60% and 64%
SR: 7.12

Effect Of Swirl,
IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=50,56,60 & 64%, LPPC=5aTDC, Rs=7.12
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EFFECT OF EGR%: 50%,56%,60% and 64%
SR: 7.12

Effect Of Swirl,
IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=50,56,60 & 64%, LPPC=5aTDC, Rs=7.12
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IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=600 bar, EGR=54, 60 & 64%, LPPC=5aTDC, Rs=7.12
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Outline

Introduction
Goal
Summary of previous Investigations
Scope
Effect of
1. EGR

2. Swirl Ratio
3. Injection Pressure

Conclusions
Recommendations

o 0 OQOY
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GOAL

Metal Engine Tests
WSU

Optical Engine Tests
SNL

HIGH SPEED CIDI
CHARACTERIZATIO

Recommendations
for design
modifications

Optimization
of operating variables

.
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TRADE-OFF BETWEEN ISNO, AND BSN
EFFECT OF SWIRL RATIO

TR T s

Pinj=800 bar SR=1.44-7,12 ISNOx-BSN at EGR=48, 52 56, 60&64% LPPC=5

2 - == E=48
] - o= E=52
" /-H =56
1.6 AN B
1 /] \ — E=60
1.4
: }f - o= E=64
= JIr — SR=1.44
= i ] £k =
I f . SR=2.59
. -
0.8 3 . — SR=377
- E - -
0.6 ?.L, j::h E=i8% | SR=4.94
04— f{f ———w= = ——GR=7.12
02 %‘I'//____-—- -— —
[I . 1 | 1 1 1 1 1 1 1 1 1 | 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

ISNOx {g/Kw h)

CLEERS: May 17, 2005

N. Henein - WSU




TRADE-OFF MAP FOR NO, and BSU
P =800 bar, SR=144-7 12, LPPC=5 EGR=48 52 56 60 & 64%
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Sample cylinder pressure & RHR traces

Reference Timing Points

Cyl. Press (MPa)
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SPRAY
COMBUSTION
IN SWIRLING
AIR

Fresh liquid fuel is
injected in the
flame, producing
luminous carbon
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Fresh liquid fuel
injected in the

flame, producing
luminous carbon

CONVENTIONAL
DIESEL COMBUSTION

» Heterogeneous Charge of
liquid fuel, fuel vapor, air,
CO, H,O, N,,...

* Soot isformed from the
liquid, gas phase, rich
premixed charge and
diffusion flames.

» Soot may be oxidized later
under proper temperature,
and mixing conditions.

* NO isformed from the
stoichiometric or lean parts
of the charge.
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Effect of Injection Pressure & EGR

IMEP = 6 bar

Inj Timing = LPPC 10.5

*1500 RPM Variable EGR =34 to 39 % SR= 3.77
5 Rs=3.77 T . . .
Pines00bar —e—injection pressure
39.3%EGR
l —&— SWIRL
4
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Step of 5 -2 EGR
2 3
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OPERATION

OPERAS FOR PROPER [NO/HC] FOR SCR

(KP2, 320 MINISAC)
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OPERAS FOR PROPER [NO/HC] FOR SCR

OPERATION

El HC's (g / Kg Fuel)
= N W >
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EFFECT OF INJECTION TIMING ON RHR
WSU 1-CYLINDER ENGINE

Engine Speed:2000rpm,IM EP=7bar,0%EGR,1200bar
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SYSTEM APPROACH

Engine Exhaust Aftertreatment
Fuel
" _—
Air ‘ NOx
PM
HC NOx PM
co
(I-;IOS LNC CRT
RCZHO LNT DPF
S SCR CDPF

Can the engine management produce the most
suitable OPERAS for the after treatment devices ?
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EFFECT OF INJECTION TIMING ON RHR
WSU 1-CYLINDER ENGINE

Engine Speed:2000rpm,JMEP=7bar,0%EGR,1200bar

—SOI= 9.0 BTDC
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TESTS MATRIX

Nozzles : 430 VCO, 390 Mini-Sac, 320 Mini-Sac
RPM IMEP®Bar) MAPBar)
Test Points: kpr1 900 1.2 1.0
KP2 1500 3.0 1.2
KP3 2000 5.0 1.4
MK EVALUATION KPM 2000 7.0 1.4

Injection Pressures: 400, 600, 800, 1000, 1200 Bar
Injection Modes:  Main, Pilot-Main, Main-Post
EGR ratios: 0%, 25%, 35%, 40%, 45%, 50%, 55%

Swirl Ratios: 1.44 — 3.15
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Effect of Swirl

*IMEP = 6 bar Inj Timing = LPPC 10.5
*1500 RPM Variable EGR = 34 to 39 % SR=3.77 to 7.12
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MK CONCEPT
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Ultra-Clean Combustion Technology Combining
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BSN vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48.
64%, LPPC=5aTDC, Rs=variable
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BSN vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-

64%, LPPC=5aTDC, Rs=variable
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2 4
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1 ,
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ISFC(g/Kw-h)

ISFC vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-64%,
LPPC=5aTDC, Rs=variable
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PRESSURE TRACES AT DIFFERENT INJECTION TIMINGS,
KP-M (IMEP—7 BAR 35% EGR)
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OPERATORS

ADVANCE
REeTARD

PRrESSURE

OpTiMIZE
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ENGINE
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EACH PERSON HAS HER/HIS FAVORATE OPERAS
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ENGINE

ADVANCE
REeTARD

PRrESSURE

OpTiMIZE
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ENGINE OPERAS [SAMPLES]

B. With EGR:
2. (a) CDPF for the oxidation of soot by O,
Very high EGR and high injection pressures

(b) CRT for the oxidation of Soot by NO,
Combinations of injection pressures and %EGR
to give the proper ratio [NO,/ C]

(¢c) SCR-HC for NO
Combinations of injection pressures and % EGR
to give the proper [HC/ NOJ
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EFFECT OF EGR ON THE RHR
P=800,Rs=144,LPPC =5, EGR =50, 60 & 64%

|= == P = 800, EGR = 50 {mataring )
80 {—FP =500, EGR =50
= == P = B0, EGR = 58 {motoring)
|—— P = 500, EGR = 58
60 4= =* F = 500, EGR = 80 {motarng) — ]

1= = = F = 500, EGR = 34 (motoring)
40 {——P = 500, EGR = 54

RHER
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|ISHC

ISHC vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-64%,
LPPC=5aTDC, Rs=variable
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E=64%

|SCO

ISCO vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-64%,

LPPC=5aTDC, Rs=variable
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ISFC vs IS NOx IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F Pinj=800 bar, EGR=48-64%,

LPPC=5aTDC, Rs=variable
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ID and RHR Peak vs EGR IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=48-64%, LPPC=5aTDC, Rs=1.44 and 7.12
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ID and RHR Peak vs EGR IMEP=3bar, speed=1500rpm, Pint=1.1bar, Pexh=1.3bar, Tin=150F
Pinj=800 bar, EGR=48-64%, LPPC=5aTDC, Rs=1.44 and 7.12
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LTC-OT

Concept
To avoid the penalty in fuel economy and combustion
instability:
* Advance injection timing (LPPC:5°bTDC)
— Side effect: increase in NOKX.

e Increase EGR
—Side Effect: increase in soot

e Improve mixture homogeneity

- Increase injection pressure
(from 800 bar to 1200 bar)

- Optimize swirl motion
- Other approaches
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MK CONCEPT

» To reduce NOx and smoke engine-out emissions, burn a
premixed fuel vapor- air charge, low in oxygen concentration,
at low temperatures

 To reduce oxygen concentration, use high EGR ratios.

e |n addition, EGR would reduce the combustion products
temperature and NO formation.

* EGR would also reduce the rates of the autoigniton reactions,
Increase the ignition delay period, and allow more time for
mixing before the start of combustion. This reduces soot
emissions.

CLEERS: May 17, 2005 N. Henein - WSU



BACKGROUND

» The presentation today is based on data obtained in a program entitled
“Characterization of Single-Cylinder Small-Bore, 4-Stroke CIDI Engine
Combustion”.

» Thisprogram is sponsored by DOE Office of FreedomCar and Vehicle
Technologies under the leadership of Gurpreet Singh, and the technical direction of
Dennis Siebers, Manager Engine Combustion, Sandia National Lab.

» Other support comes from U.S. Army TARDEC, NAC and ARC.

> In this presentation we will look at the engine as a part of a system composed of
the engine and the after treatment devices.

» Different types of after treatment devices might be needed for the diesel engineto
meet the strict future emission standards, particularly for NOx and PM.

» Theefficiency of any after-treatment device depends on the properties of the feed
gas, mainly its composition, temperature, ...

» The properties of the feed gas are the result of the in-cylinder combustion process

» New diesel combustion regimes have been devel oped during the last five years.
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El_HC's

TRADE-OFF Between NOx and HC, 600 bar
Injection timing effect (KP2 , 320 MINISAC)
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