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Back ground — HCCI(1)

Advantages of gasoline HCCI engine
\ High thermal efficiency
N\ Low exhaust emission

Issues of gasoline HCCI engine

\ Extension of driving load

» High load limitation
» Increase in dP/d and NOx emission

» Low load limitation

» Incomplete combustion; Increase in instability of combustion
and CO, HC emission

\ Control autoignition timing
\ Switching between SI and HCCI




Previous Studies to Extend HCCl Range

O Hgh Load LimitReduction in pressure-rise rate
v SQuper-charge, Thermal stratification

O low Load Limitd ®ntrol of instable combustion
v" Fuel injection during NVO

Supercharge J. E. Dec, et al., SAE Paper No. 2010-01-1086, etc...
Inter cylinder EGR Takanashi, J., et al., JSAE Annual congress 2006.,
_ (EGR + Supercharge) Spring, JSAE 20066516
Extension :
of high load | BDSC with Thermal | Kuboyama, SAE Paper, No. 2010-01-0845, 2010.
limit stratification
Fuel stratified + Spark Hanho Yun, SAE Technical Paper No. 2010-01-0847
Assist P / Urushibara, T., et al. JSAE Annual congress 2004,
Spring, JSAE 2004 5114, etc...
Extension :
of low load DI d;(ralrr;ngVO Willand J., et al. SAE Paper No. 982483
limit




Back ground (2)

Target of this study

800

600| Japanese HCCI operational limit

< 10-15 mode i .
aX using Inter cylinder
< EGR (EGR boost),
% 400 HONDA R&D
HCCI operational range
200 using internal EGR (NVO,
------ / w/0 external booster)
0 1000 2000 3000

Ne (rpm)

[ Issue to combine BDSC with NVO
v Quite different valve timings
v \alve timings must be switched discontinuously.



Valve

Valve lift

BlowDown Super-Charge (BDSC) System

Exhaust valves re-open during early compression stroke
to boost EGR by using the blowdown pressure wave of
the other (360 deg. phase-shifted) cylinder.

EGR boost is possible with enough fresh air and without
external super charger.

Exh. valve re-opens for 4-2-1 Exhaust system

£4 Cyl. EGR gas re-breathing ===
— Intake BGR

Exhaust
#1 Cyl. Exhaust blow-downl_i

| pressure wave | |

D
»
@

0 180 3L0 540 720 Exhaust blow-down pressure wave of

Cranck angk degree #1cyl. charges EGR gas into #4 cyl.




EGR guide for creating thermal stratification

Thermal stratification has a high potential for
Inhibiting steep pressure rise.

To create a large thermal stratification inside
the cylinder, EGR guides are attached on the
edge of the exhaust port and piston head.

EGR guide

Piston head with EGR guide



Effect of EGR guide on in-cylinder
temperature distribution
¢3-D simulation results STAR-CD)

w/o EGR guide

120deg. BTDC
Ex. port_geaIn. part

92 deg. BTDC

T | STARS
60 deg. BTDC 32 deg. BTDC @

w/ EGR guide

Dy .V -

: EGR guide *



Evaluation of BDSC System by Visualization

1500rpm, C500 Cam, Fuel amount 11.9mg/st
Frame speed at 30000fps, Exposure time 0.1ms
(Photron FASTCAM SA1.1)

Visualized cylinder

i Blowdown pressure
Quartz cylinder ) P

Bottom view system Optical access engine




Combustion Process of BDSC-HCO

Spark plug TIME

V
Exhaust valve BDSC-HCCI Combustion
Windo
TIME  w ~_524BTDC

i .'y;lf’\ ) ;.

Low

High temp. . v
J P Ignition onset position

Predicted result by CFD Accumulated ignition
position[100cycle$




Measurement system

AIr conditioner (Controling intake gas temperature & humidity)

_ Jl—[ Instantaneous intake gas pressure
Ambient temperature .
Ambient pressure (KIStIer 4005A) fuel flow rate
laminar .
flow meter Mean intake gas pressure fuel temperature
N Intake gas temperature
N213.5kgf/cm2
1R
Surge tank @) ‘}\ uel row meter R

\ Gafoline
L __"Cyl. #2 & #3 :

Cylinder pressure

(Kistler 6052c ) Not fired

Instantaneous exhaust gas pressure |
Mean(:;gj:tLlOOSA) '/’ ﬁ Cylinder pressure
gas pressure (Kistler 6117B)
Intake gas temperature
Exhaust throttle valve

FTIR
@ Silencer ( catalyst //+ Exhaust gas :> (HOR'BA,
MEXA 6000FT)




Performance test system

Alr Conditioner (Controlling intake gas temperature & humidity)

J_I[ Instantaneous intake gas pressure

Ambient temperature

o Intake gas temperature

Ambient pressure (KIStIer 4005A) f
laminar .
flow meter Mean intake gas pressure

uel flow rate

ol

uel flow meter ‘ N ;

Exhaust gas

—

fuel temperature

N213.5kgf/cm2

FID/NDIR
(HORIBA;
MEXA7100)



Test engine & conditions

Base engine

Honda K20A

Engine type

Inline 4 cylinder

Bore x Stroke

86 mMm X 86 mm

Displacement

1998 cm?

Compression ratio

12 (HCCI)/ 11.5 (Base)

Fuel injection

Port injection / Direct injection

Fuel

Gasoline (RON91)

Engine speed

1500 / 2500 rpm

Valve timing

Fixed cam




Definition of operational HCCI

eLimit of maximum pressure rise rate
» dP/domax[ 1400 kPa/deg

e Limit of combustion stability
» COV. of IMEPLI5 %

e Limit of NOx emission
» ISNOx[0.1 g/kWh



Extension of High Load
Operational Limit

e Blowdown Super-charge (Much fresh air)

oEGR Guide System (Thermal stratification)



Effect of EGR Guide System

600

a1
o
o

IMEPnet kPa

I
(@)
(@)

300

‘ '. Ne: 1500 rpm
-A-STD (w/o guide) Valve timing: C500

@+ GUIDE

120 130 140 150 160 170 180

Exhasut Pressure kPa

eRequired maximum IMEP in Japanese 10-15 driving cycle
was attained by this system




Extension of Low Load
Operational Limit

eBlowdown Super-charge (Much EGR)
eincreased Cooling Water Temperature

eOptimized Valve Timings



Original Low Load Limit of BDSC-HCCI

COV of IMEP < 5%
20 T T
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O Increased Pex causes more EGR leading to high gas temperature and
also diluted mixture

O Mxture temperature should be increased w/o increasing total mass of
gas at low load (dilution is not good)




Retarding EGR Valve Timing

New valve strategy (EGR-R)

Valve lift

EGR(Normal)
~

In. / \EGR(EGR-R)
5

0 90 180 270 360 450 540 k30 720
Crank angle deg.ATDC

O Toincrease the gas temperature w/o increasing mass of
gas




IMEPnet kPa

COV of IMEP %

CA50 degATDC

Effect of Intake Pressure on
Performance at Low Load Condition

400 . 1000
W Gf=8 mg/cyl. :IN C100 +30, Ex C500 %X L
X Gf=11.8 mg/cyl. I _>K| " X
300 A Gf=10.8 mg/cyl. N C100. Ex C500 ’J*% E
@ Gf=10.3 mg/cyl. j :,n 950 - o
t N SR
200 ?ﬂ.,- § ‘l.. A %X
- L ® = X
100 900
10 | 20
] @ ; [ |
8 ‘. \‘\
,/ \ g
6 o Q. A 17 . o2 %
4 : A D A < — | A
/ \ / g . ‘ K
LB W 14 o
- 11
55
15 % 50 ..i——.
‘ “ uw 45 B
N SN
10 o z& X 9 4
L ¥ )
TN 35 .orlx— M
5 ¥ - X
40 50 60 70 80 90 100 30
Intake pressure kPa (abs.) 40 50 60 70 80 90 100

Intake pressure kPa (abs.)

0 lowintake pressure causes lower operational IMEP due to

pumping loss (= heat-up of in-cylinder gas)




Effect of Cooling Water Temperature
on Combustion Stability

COV of IMEP < 5%
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Performance Test Using 4-Cylinder Engine

Issue: cylinder to cylinder variation
Secondary air injection was succeeded.

PF}IT?CUOF G as hpctor
580 |
End of air injection
~ 975 @ -180deg.ATDC
S ‘ |
g w/o 2nd air injection B-260deg.ATDC
B 570 ~ o i ’ h . . . »
S % 1 o o o O o e Arhpctin |
=< I
< 565 I
£
2 560 B - <
% "l'l ......................... [ I v S
2 © 4
555 A e T Qo
e
550
0 2 4 6 8

Air injection duration ms

Air injection



Reduction of Cylinder to Cylinder Variation by Secondary Air
Injection System

®CAS50 timing and heat release profile can be controlled by changing the
amount of secondary air injection in each cylinder

? ?

Q 150 T Al T T T T T E 150 T T T T T
- ——#lcyl. | g CA50=7.3deg.” #1CYl. |
@ 100+ CA50=7.7deg. - Q 100 =
@© i 2 L

Q i Q

< [ : o

© 50 = » < 50 .
(O] L 4 (] -

< L i = i

2 | - 2

D i o i

g 0 | . | . | s g 0 | . | . | .

2— -10 0 10 20 30 2— -10 0 10 20 30

Crank angle deg.ATDC Crank angle deg.ATDC



Brake Thermal Efficiency

Using 4-cylinder HCCI engine

550
. BDSC-HCCI with “EGR-R” valve
500 ¢ timing
: Sl operation
- 450 -
2 400 |
S~ L
Y, -
Q 350 F
m -
2. ~.
300 | ~~About 15% improve
250 | ST -
-BDSC-HCCI “normal” valve
200 “tmipgq—4— 4 ——r——rv —ri—m————————l———
50 150 250 350 450 550

BMEP kPa



BMEP [kPa]

JCO8 Driving Cycle Simulation

(GT-Suite Dynamic Model)

XYZPoints part HCCTFuelMap
--- Old HCCI Limit

WNew HOCI Lunit ® Working Points

1172

1000

200

600

400

200

'10%50

2000

3000
Engine Speed [RPM]

4000

Fuel Rate [kg'hr]

5000

0.51
1.35
220
3.05
3.90
474
5.59
6.44
728
8.13
298
9.83
10,63
11.52
12.37
1322
14.07
14.91
1576
16.61
17.46
13,30
1915
20,00

km/L

S| : 13.2
HCCI: 15.2
15% better

2L.,1270kg,
6-speed MT



Conclusions

A Blowdown super-charged HCCI gasoline engine was
tested.

Extension of high load limit can be attained by using
thermal stratification and the max torque of Japanese
10-15 mode can be covered by BDSC.

Extension of low load limit can be attained by retarding
EGR valve timing and also increasing cooling water
temperature. The low operational limit can be extended
as low as IMEP 135 kPa.

4-cylinder BDSC-HCCI is achieved with secondary air
injection system to control cylinder-to-cylinder variation.
Thermal efficiency is improved by 15% compared to the
original Sl operation.




EGR guide for creating in-cylinder
thermal stratification

Ex In Ex

Re-breathed
EGR gas




BDSC

-4Y4 deg-ATDC[IMEP 370 kPa: BDSC + EGR guidé {3D-CFD)

- High Lean

Low MI/F - 49 — Rich

G : Gas(Air+EGR) F :
Fuel
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Load Intake EGR
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Valve lift

V.V v
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L T T 1 T T 1 1
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BDSC-HCCL
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[T R [

Conventional BDSC-HCCI valve strategy New valve strategy
[Load] [In.] [EGR] [Load] [In.] [EGR]
_ High  ——c500 500 High ——C500 C500
- 300 €300 [ : ——(C300 C500
& . v el W  ——C100 cs00
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v o[
2 [ . 2> r
St S
i — EGR (Fix)

0 90 180 270 3D 430 540 L300 720 0 90 180 270 30 450 540 k30 720
Crank angle deg.ATDC Crank angle deg.ATDC




Conventional BDSC-HCCI valve strategy
(Normal)

MR

1l

New valve strategy (EGR-R)

£ 1 £ [

o[ o |

2 f 2

S S [
[ 1 \ _'l 1 J . | \ ’l 1 J
0 90 180 270 3kO ~tlfIII 540 bL30 720 0 90 180 270 3kO '-ISEI/ 540 L30 720

Crank angle deg.ATDC Crank angle deg.ATDC
O EGR-Rl
O [kl




Valve lift

[T R (I

New valve strategy (EGR-R)

EGR(Normal)

" \EGR(EGR-R)
V2

LS | J

90 180 270 360 450 540 k30 720
Crank angle deg.ATDC




Valve lift

New valve strategy New valve strategy (EGR-R)

[Load] [In.] [EGR]

High —C500 C500 _
i ——(C300 C500 L
- —C100 C500 - |
" low ——CO000 C500 = r
. o[

2 -
i S - EGR(Normal)
[ EGR (Fix - SN
i (Fix) i \EGR(EGR-R)
] B Ilé \\\/

(RIS | J
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COV of IMEP %
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Apparent heat release rate J/deg.
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