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[Regular Paper]

Effect of Fuel Additives on Reduction of Smoke and Particulate Matter,
and Stabilization of Cycle-to-cycle Variation
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Non-metallic additives are useful countermeasures to reduce smoke and particulate matter from diesel engine

emissions.

Non-metallic additives include nitro- and oxygenates, oxygenates and nitrogenates.

Nitrites and

nitrates can reduce smoke and particulate matter in the direct fuel injection engine under constant conditions of

2100 rpm and 80% load.

In particular, n-hexylnitrite added to gas oil improved particulate matter and NO,

reduction, and fuel consumption efficiency in the indirect fuel injection engine under Japanese 1015 mode oper-

ation.

sumption and did not stabilize cycle-to-cycle variation.

Keywords

These additives also reduced the cycle-to-cycle variation of maximum pressures in the cylinder.
concentration decreased with increasing oxygenate concentration.

Smoke
However, oxygenates increased fuel con-
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Table 1 Engine Specifications
Items Steady operation 10+ 15 mode operation
Engine type 4-stroke, 4-cylinder 4-stroke, 4-cylinder
Fuel supply Direct injection Indirect injection
Displacement volume 3636 2982
[cc]

Maximun torque 25.0/2000 34.0/2000

[kg-m/rpm]
Compression ratio 17.5 21.2

Fuel

Low sulfur diesel JIS (#2)

Low sulfur diesel JIS (#2)

1. Nitro- and Oxygenates

o
& n,n-Dimethylacetamide
-C-N-
-C=N-O-  2.Butanone oxime (2BuOx)
-C.ONO, Isopentil nitrate,
2-Ethyl hexyl nitrate,
n-Hexyl nitrate
-C.O-NO Isopentil nitrite.

n-Hexyl nitrite

2. Oxygenates

i DMC
-0-C-O-
DEGDME. PA.
-C-0-C- EGBE
0 PGMOAE .
-0-C-C- PGDOAE

Fig. 1
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3. Nitrogenates

Diisopropylamine (DiPA) .
Diisobutylamine (DiBA) .
Isopenthylamine .
Dodecylamine .

-C-N=N- 2,2'-Azobis(2,4-dimethylvaleronitrile)

&
O

-C-N-

Piperidine

Pyrrolidine

List of Additives
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Conditions: direct fuel injection, 2100 rpm, 80% load.

Fig. 2 Effect of Additive Concentration on Particulate Matter
Reduction
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Conditions: direct fuel injection, 2100 rpm, 80% load.

Fig. 3 Effect of Additive Concentration on Smoke Reduction
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Conditions: direct fuel injection, 2100 rpm, 80% load.

Fig. 4 Effect of Oxygenate Concentration on Smoke Reduction

Table 2 Oxygenate Characteristics

Brand Component MW Oz[vi(;;:?nt
DMC Dimethyl carbonate 214.2 53.3
DEGDME Diethylene glycol dimethy] ether 134.2 35.8
PA Paraldehyde 132.2 36.4
EGBE Ethylene glycol mono n-butyl ether 118.2 27.1
PGMOAE Polyethylene glycol mono oleic acid ester 458.0 21.0
PGDOAE Polyethylene glycol di oleic acid ester 738.0 17.3
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Conditions: direct fuel injection, 2100 rpm, 80% load.

Fig. 5 Effect of Oxygen Concentration in Fuel on Smoke
Reduction
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Fig. 6 Comparison of Combustion Rates for Methyl Radical
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Conditions: direct fuel injection, 2100 rpm, 80-40% load.

Fig. 7 Effect of Oxygen Content in Exhaust Gas on Smoke
Reduction

Table 3 Effect of Additives on Engine Emissions

Reduction ratio [%]

Additives Load [%]
PM Smoke Soot
0.3 wt% n-Cg nitrite +16.8 wt% DEGDME 40 11.2 -2.6 0.0
80 27.7 31.9 40.5
Ref. 16.8 wt% DEGDME 40 12.0 10.2 —
80 29.6 35.8 —
J. Jpn. Petrol. Inst., Vol. 48, No.4, 2005
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Conditions: direct fuel injection, 2100 rpm, 80% load, gas oil +
0.3 wt% n-Cg nitrite +16.8 wt% DEGDME.

Fig. 8 Trend of Mean Soot Concentration Measured with LII
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Conditions: direct fuel injection, 2100 rpm, 80% load, gas oil +
0.3 wt% n-Cg nitrite+16.8 wt% DEGDME.

Fig. 9 Trend of Mean Soot Diameters Measured with LII
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Fig. 10 Soot Diameter Distribution
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Table 4 Effect of Additives on Cycle-to-cycle Variation

Mean Standard deviation Stabilization ratio
No. Fuel Max. Max. Increase rate Max. Increase rate
press. press. of max. press. press. of max. press.
[kPa] [kPa] [kPa/deg] [%) [%]
1 Gas oil 6977 81.5 348 115 163
Gas 0il +0.3 wt% n-Cg nitrite 6867 71.0 287 ’ ’
2 Gas 0}1 . 6977 81.5 348 177 241
Gas 0il+0.3 wt% 2EHN 6830 65.7 259
3 Gas oil 7132 86.7 347 33 ~02
Gas oil+16.8 wt% DEGDME 7111 83.2 347 ’ ’
4 Gas oil 7121 85.6 352
Gas 0il +0.3 wt% n-Cg nitrite 23.6 23.2
+16.8 wt% DEGDME 6936 637 263
7500 Gas oil 3,500 Gas oil
e Gas 0il+0.3wt% n-Cgnitrite. | | Gas 0il+0.3wt% n-Cgnitrite
3000 f—
<
(=5} ]
e 4 2,500
e [N
s %
[} ]
@ S W 2,000
& R
=¥ 8 8
§ £@1M0
£ 3 T
5 § 1000 3
500 - — - - . i
6,600
0 50 100 150 200 250 300 0
Cycle Number 0 50 100 150 200 250 300
Cycle Number
Conditions: direct fuel injection, 2100 rpm, 80% load.
Conditions: direct fuel injection, 2100 rpm, 80% load.
Fig. 11 Cycle-to-cycle Variation of Maximum Pressure in
Cylinder Fig. 12 Cycle-to-cycle Variation of Increase Rate of
Maximum Pressure in Cylinder
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Conditions: direct fuel injection, 2100 rpm, 80% load.

Fig. 13 Effect of Additive on Mean In-cylinder Pressure
Distribution
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Fig. 14 Effect of Additive on Rate of Heat Release
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Table 5 Effect of Additives on Engine Emissions and Fuel
Consumption under Japanese 10-15 Mode

Reduction ratio [%]

Fuel Fuel
consumption PM NO.
Gas oil base base base
Gas oil
+0.3 wt% n-Cg nitrite 0.2 8.6 0.7
Gas oil
+0.3 wt% n-C nitrite
+16.8 wt% DEGDME -1.7 7.6 2.7
1.2E+07
s
1.0E+07 —
8.0E+06 [—
3
a
% 6.0E+06 :
2
) [ ]
Z . *
4.0E+06

—&— Gasoil

(]
. ., ., 1
B Gas 0il+0.3wt%n-Cgnitrite

2.0E+06
@ - Gas 0il+0.3wt% n-Cgnitrite +
16.8wt% DEGDME
0.0E+00 |
0 20 40 60 80 100

PM Diameter (nm)

Conditions: indirect fuel injection, 13th step of Japanese 10-15
mode.

Fig. 15 Effect of Additives on Particulate Matter Diameter
Distribution
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