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Simultaneous Reduction of NOx and Smoke by Divided Diffusion Combustion
Using High Dispersion Staggered Layout Nozzle
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In order to realize extremely low emissions with
diffusive diesel combustion, a study was made of
methods for smoke suppression under the high-boost,
high-EGR conditions that are effective in reducing
NOx. Divided combustion that combines a reduction
in the injected amount of main fuel with premixed
combustion in which the amount of fuel injected
early is increased was adopted in order to reduce the
rich portion of the main diffusion combustion, which
was the main generator of smoke in conventional
combustion. The adoption of this divided combustion
made it possible to raise the fuel injection pressure,
which had previously been limited due to combustion
noise, and a smoke reduction effect was confirmed
together with the effect of divided combustion. In
addition, a staggered spray layout was adopted in
order to reduce dilution of the premixed injection.
Combining these methods achieved diffusive diesel
combustion with extremely low emissions, and
reduced NOx by 40% while not causing increases in
combustion noise or smoke, or reduction of thermal
efficiency relative to conventional combustion.
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Table 1 Transitions in emission regulations in Europe
Euro 6.2 (6d-TEMP) Euro 6.3 (6d)
Year of enforcement 2017- 2020-
Mode WLTC and RDE WLTC and RDE
NOx regulation [mg/km] 80 80
NOx CF 2.1 1.43

WLTC: Worldwide Light-duty Test Cycle
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Table 2 Test engine specifications

Table 4 Experimental conditions by premixed pilot
injection amounts

Table 3 Calculation method

Number of cylinders 1
Displacement volume [cm?] 400 Conventional Divided
combustion combustion
Bore [mm] 76 —
Stroke [mm] 88 Tot?rlnlgjlgﬁtlon 28.3 28.3
Compression ratio 14.6, 16.1 (base) Pilot injection 1.58 6.0 | 105 | 135 | 165
Fuel injection system Bosch CRI 2-25 (max. 250 MPa) [mg/st]
Injector 8 holes, 0.114 mm diameter Pilot injection start -17.3 -55.0
Fuel EU spec diesel (sulfur < 10 ppm) timing [*CA ATDC]
Boost device Super charger Number of pilot 2 shots 3 shots
injection shots

CFD software CONVERGE v2.4

Turbulence model RNG k-¢

Spray model Kelvin-Helmholtz and Rayleigh-Taylor

Combustion model SAGE detailed chemical reaction

Chemical reaction 100 species and 432 reactions

n-dodecane (with NOx reaction)

Mechanism® 12 NOx & & B0 U 72 F 6T 7L & i
L7z, Ty vt v o V—L L.
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Fig. 4 Effects of premixed pilot injection amounts
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Table 5 Experimental conditions by premixed pilot
injection start timings

Divided
combustion
Total injection 28.3
[mg/st]
Pilot injection 10.5
[mg/st]

Pilot injection start| -60.0 | -55.0 | -50.0 | -45.0 | -40.0
timing [°CA ATDC]

Number of pilot 3 shots
injection shots
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Fig. 5 Effects of premixed pilot injection start timings
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Table 6 CFD conditions of divided combustion

Conventional combustion| Divided combustion
€16.1 £14.6
Fuel injection 140 200
pressure [MPa]
Boost pressure 172 182
[kPa_abs]

Equivalence ratio 0.81 0.81
EGR rate [%] 28.0 32.0
Pilot injection 1.58 10.5

[mg/st]
Pilot injection -17.3 -55.0
start timing
[°CA ATDC]
Number of pilot 2 shots 3 shots
injection shots
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Fig. 10 ®-T maps of conventional combustion and
divided combustion during main combustion



SHEETRBES / X)L & BV HRERED S EEIC £ 5 NOX & 2 E— 7 DREIHE

x47%%%&%&%%Fﬁ&60‘$%%%@%@ﬁ%
2k, A4 VBRBEY » FEBDIKIAE S T 5. Ji')
TUYBRE L3R v & 7 b DR S\l D IS
R AR TE TWA Z LA CFD RIS THERR T 5.
EH1C, ZE— P MICEENRET VA4 VIREICEH
L7z, @ 1.9 DIl 2 & oy An S¢iEh % Fig. 11 15m
I MR A S A RS 5 &, RIS L, 4y
HIRIE € 14.6 TERRTIE, rEIRIELIC K 2 2 4 VIS RAK
W ERELIR EBbHET, 277V 2 7V L 12°CA
ATDC BUFED X A VIR0 ) FEBIRFE O IR H i 2
TS, FFCTEREEZEORMIZLD, BEET 2HEHZD
BRIEENIZ BT 2 THHRELS B o722 &8, 1) v F bk
WRAPIZEHS LT b,

upward
spray

Four-hole

injector
downward spray

Crank angle
[°CA ATDC]

(b) Divided
combustion £14.6

(a) Conventional
combustion £16.1
Fig. 11 Isosurfaces for region with equivalence ratio
of 1.9 or higher during main combustion

5. EHEBETEIRLER

FEREH QI T, EIES 2 S CIC T R EE T % i
U708 Y &7~ e 14.6 HHRRIC BT 2 EdG &
EGR &MU T TOMilA BTk -7, @dist:ICBE LT
i, ZRET VY VEEBE LRI KR F v —Y v —1{t
HMRKIZE DRy ra 2N E andk 512, #ig
£ 10 kPa 8% FFRE U 7=

ST B i1 B8 U B RE RIS ds K OVl ¢ 14.6 11
BTORERSM % Fig. 1212, EHR & BFRE %% Fig. 13
{ZRT. Fig. 13(a) ISR TG S 4 — 2 TO o HIRBE €
14.6 {1ARIZ T, Fig. 13(b) IR LR, Bl & %
WO, TIRE R 6 5 5 08T 5 Z & CF

Head N Head
o 9
g Piston g g Piston _
= ©1 2
—
Eight-hole Four-hole Four-hole
injector downward spray upward spray

(a) Conventional combustion £16.1 (b) Divided combustlon e14.6

r \

Added | Added | Added

Conventional| Divided high high high

combustion |combustion| boost fuel EGR
base £¢16.1 |base £14.6 | pressure | pressure | rate
Fuel injection 140 140 140 200 200

pressure [MPa]
Boost pressure 172 172 182 182 182
[kPa_abs]

Equivalence ratio 0.81 0.81 0.81 0.81 0.83
EGR rate [%] 28.0 28.0 32.0 32.0 34.0

Fig. 12 Experimental conditions of conventional
combustion and divided combustion

0 €0 Pilot Pilot === Conventional combustion
2 50k o —— Divided combustion
% 40 Fmg/stmg/st , | —— Added high fuel pressure
— 30 -
s Pilot Pilot Pilot
2 20p 45 085 & 073 :
2 10 mg/st mg/st-#-mg/st- 1
£ 0 _ n n
60 -50 -40 -30 -20 -10 0 20
Crank angle [°CA ATDC]
(a) Injection rate
% 70 [===Conventional combustion £16.1 .
$ 60 |—Divided combustion £14.6 1
S, 50 ——Added high boost pressure “
@ ——Added high fuel pressure 1
© 40| - Added high EGR rate 5
© 30
& 20t
£ 1op
3 o0 AN
T -10 T T T T T T T T T
-60 -50 -40 -30 -20 -10 O 10 20 30 40
Crank angle [°CA ATDC]
(b) Heat release rate
Fig. 13 Injection strategy and heat release rate

of conventional combustion and divided
combustion



Honda R&D Technical Review

Vol.33 No.2 (October 2021)

JiRMER 2 rElEh B,

CNI % Fig. 1417, JENIRIEDO FHENC K O, s5HIk
BE1Z CNI A1 0.16 MPa 5 0.11 MPa £ TI& F§ 5. ftk
PRIEIZ T D CUIIRBE S H S 2 R A 023, 3 HIR
BBV CidEEAE, SRR, SXUE EGRILEBZ
%o CHRBEST HEMENICHIZ 2 Z &R TE 5.

PR L OB e 146 Bk TOZE—2 &
NOx, Buh# % Fig. 15127839, Fig. 15(a) ISR ZE— 72
& NOx Heti 2 5, PERIREE & ILik§ % & 3 dlRse 2 B
LTI, Endisfl, SmENICE > TAE— 25 47% X
W, EHICEEGRILEZMAGDESZ LT, A%EAE—2
ICTHRET Iy ¥ 3 VSRS 5 NOx i & 40% 1Kidk28
TED XSk o7 ZHERLYIREL =20 Esia v &
T ErORLEWVED, A A VEHHRAKNK & SR 2 5 TN
TEEEEFZONRIZED, 44 VR » FEH O
"onzzeEz2b6N5. BhFIZBIL TY, Fig. 15(b) 1278
T PIRAMRBEEZERIT L 72 2 812 & 0 BEr R H 3
T 50, SEIREEC B %SG S EGR Lo BERE
RN R & - CTREmBGEIC RS 5 720, RUREGHE

0.30 Divided combustion £14.6
1
025 | RS Piston] &
'g §I Iston %
w 0.20 Four-hol ~hol
o Target dg\lnjl;wgsd spray ug\lnjl;ré) sepray
£ 015
=z
O 0.10
0.05
0
Conventional  Divided Added Added Added
combustion combustion high boost  high fuel high
£16.1 £14.6 pressure pressure EGR rate
Fig. 14 CNIs of conventional combustion and divided

combustion

HAEAY 43.5% 12X L 43.3% £ CThlfE, HIER%SE$5 2 &
NTE.

IS DOFEBMAERER KL O, FERBBEICN L, kst
e 14.6 TERRIC TIRURBEGHH, 2 E— 27, MBS & RS2 R
5O, HEEL I v ¥ g VISHEET 5 NOx Hi & 40% @
Rk & B L 72

6. £&O

PERFETCISR U, SIEBULRI RS 5N 5 T B N EE 7%
EUMALp8BED 7 28 A$ 3 2 ET, FHA
i Th 5Ty Y VAR 2000 rpm, T Y Y FJIL2 150
Nm, FRRHES & 28.3 mg/st I TRIREGHE, 2€— 7,
IRIE & RS2 R B DD, NOx HEINEIZ DWW T 40% DK
kAEFBL 2. DIBICE s h-mR &5
(1) EEAEE EGR R4 TIZT, fEkRMEEIZH T 5 2 E—

I DOEBERTC & 75 > TPz 4 AV FEEURIE D BRR
WA ELKIR A 42 50, PIIESHC X 5 PIRA B2
AE DY 7B A B R LTz 6k S4 a v g
RN U — A RHE S SIS T A€ — 2 28 37% 1K
W5 L AMERL 7.

(2) 3 BRBEERFIC K D IRBE S % 30% KK T X 72729,
PESFMRIEE 12 & 0 HIR X T2 RRHE ST S D 60
MPa BN EB T & 72, 5HIRBEO RN R 5 5 CIZ T
BELEE S O SIEBLIREADLET, 2E— 20
47% KW 45 Z L #HER L7z, 5128 EGR 1L Z#
AEDHEBLZET, AEAE—27I12TCTNOx D 40% 1K
kA FB L 7.

(3) TREEEHOEMIZLD , VRGBS BT 544
Va—va vk 24%EIKLZ ZhuckD, A4 s
VT v AR OB % LT & 72,

4.5 =¢= Conventional combustion £16.1
« = Divided combustion £¢14.6
4.0 \‘ =/ Added high boost pressure
ed high fuel pressure
\ =O= Added high fuel
3.5 v ‘
= 30 W\, “~A.  High boost
‘% : }{ \ X \\\ pressure
\ N~
L. 25 |Target - N Conventional
2 ““.‘.“',\x(')'. \ N combustion
9 2 | Divided | DO S
c% ’ combustion ?V\ \ High \‘\\D\
15 ach evet;j value SN fuel pressure NS
1 ) \\‘\ TSN <
1.0 : Egg : ~— ===
0.5 | rate ~O\\.n
. *I -
1
0 1
25 50 75 100 125 150 175
NOx [ppm]

(a) Smoke and NOx

200

Heat balance [%)]

m Wall heat loss
Other loss

® Indicated thermal efficiency
= Unburned loss

100

35.5

Conventional Divided Added Added Added
combustion combustion high boost  high fuel high
£16.1 e14.6 pressure pressure  EGR rate

(b) Heat balance

Fig. 15 Smoke and NOx and thermal efficiency of conventional combustion and divided combustion
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