
 

Instructions for use

Title Simultaneous reduction in cloud point, smoke, and NOx emissions by blending bioethanol into biodiesel fuels and
exhaust gas recirculation

Author(s) Shudo, T.; Nakajima, T.; Hiraga, K.

Citation International Journal of Engine Research, 10(1), 15-26
https://doi.org/10.1243/14680874JER01908

Issue Date 2009

Doc URL http://hdl.handle.net/2115/38244

Type article

File Information JER10-1-shudo.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


Simultaneous reduction in cloud point, smoke, and NOx

emissions by blending bioethanol into biodiesel fuels
and exhaust gas recirculation
T Shudo1*, T Nakajima2, and K Hiraga2

1Division of Energy and Environmental Systems, Hokkaido University, Sapporo, Japan
2Toyota Motor Corporation, Aichi, Japan

The manuscript was accepted after revision for publication on 11 July 2008.

DOI: 10.1243/14680874JER01908

Abstract: Palm oil has the important advantage of productivity compared with other
vegetable oils such as rapeseed oil and soybean oil. However, the cold flow performance of
palm oil methyl ester (PME) is poorer than other vegetable-oil-based biodiesel fuels. Previous
research by the current authors has shown that ethanol blending into PME improves the cold
flow performance and considerably reduces smoke emission. The reduced smoke may be
expected to allow an expansion in the exhaust gas recirculation (EGR) limit and lead to reduced
oxides of nitrogen (NOx). This paper experimentally analyses the influence of EGR on smoke
and NOx emissions with ethanol-blended PME.

The results show that the combination of ethanol blending and EGR is effective in reducing
NOx and smoke simultaneously without the thermal efficiency deteriorating. The smoke
reduction can be attributed to an improved fuel–air mixing by an increased ignition delay
owing to the low cetane number of ethanol and by a promoted fuel spray atomization caused
by the low boiling point of ethanol. The increase in the oxygen content also leads to lower soot
emission. The decrease in local equivalence ratio by ethanol blending was also suggested by the
flame observation in which flame with high luminosity, high temperature, and high KL factor
shrinks.

Keywords: biodiesel fuel, FAME, bioethanol, oxygenated fuel, smoke, NOx, cold flow
performance, EGR

1 INTRODUCTION

Biodiesel fuels (BDFs) produced from renewable

resources are environmentally friendly alternatives

to petroleum diesel fuels. Methyl esters of vegetable

oils are easily used in diesel engines without a

modification, they cause relatively low soot emis-

sions owing to their oxygen content, and have

received increasing attention in many countries [1–

2]. The supply volume of the renewable vegetable oil

is a critical factor in the extensive use of BDF as

vehicle fuel, when considering the large difference

between today’s crude oil consumption and vege-

table oil production. Among the commercially

produced vegetable oils, palm oil has an extremely

high productivity as shown in Table 1 [3]. Because of

this, the palm oil is a very attractive option as the

source of BDF, and southeast Asian countries are

active in the production and export of palm oil.

However, the low-temperature flow properties of

palm oil methyl ester (PME) are less favourable than

other vegetable-oil-based BDFs, while the cloud

points of BDFs are generally higher than petroleum

diesel fuels [4]. Therefore, to take advantage of the

high productivity of palm oil, it is very important to

improve the cold flow performance of PME.

Fatty acid methyl esters, such as palmitic acid

methyl ester, are the main constituent of BDF. They

are highly soluble in ethanol at any level without

blending agents, and because ethanol has a very low
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solidifying temperature, the low-temperature flow

properties of BDF can be improved by blending with

ethanol [5]. In addition, ethanol can also be produced

from renewable biomass so that ethanol blending

does not spoil the reduction in carbon dioxide

emission that the use of BDF brings about. Then,

because ethanol has a higher oxygen content, lower

cetane number, and lower boiling point than fatty

acid methyl esters, ethanol blending into BDF would

also have a strong effect on mixture formation,

ignition, combustion, and exhaust emissions. The

ethanol blending to PME increases the ignition delay

and the fraction of premixed combustion, resulting in

a dramatic reduction in smoke emission [5].

The reduced smoke may be expected to expand

the exhaust gas recirculation (EGR) limit and lead to

simultaneous reductions of smoke and oxides of

nitrogen (NOx) by combining ethanol blending and

EGR in BDF combustion. This paper experimentally

analyses the influence of EGR on smoke and NOx

emissions from combustion of ethanol-blended PME

in a single-cylinder diesel engine. The mechanisms

in the smoke reduction by ethanol blending are also

discussed by comparing the effects of additives with

different oxygen contents, cetane numbers, and

boiling points, and by analysing combustion flame

image analyses using the two-colour method.

2 EXPERIMENTS

2.1 Experiments for combustion and exhaust
emissions characteristics

The engine used in the experiments for analysing the

characteristics of combustion and exhaust emissions

was a four-stroke cycle single-cylinder open-cham-

ber type diesel engine with a bore of 92 mm, a stroke

of 96 mm, and a compression ratio of 17.7. It was

installed with a common rail type fuel injection

system. The fuel injection pressure was set at 60 MPa

in all of the experimental conditions. In experiments

with EGR, a part of the exhaust gas was introduced

to the intake of the engine via a water-cooled heat

exchanger. The in-cylinder pressure data were

measured with a piezoelectric type pressure sensor

(KISTLER 6061B) and recorded with an A–D con-

verter (Interface CBI-320412). The pressure data

were averaged over 45 cycles for each experimental

condition and the averages were used in the

calculation of the apparent rate of heat release, in-

cylinder gas mean temperature, and efficiency

factors.

The exhaust gas concentrations of NOx were

measured with a chemiluminescence detector

(CLD) type NOx analyser (Horiba C5-3013), that of

unburned hydrocarbon with a flame ionization

detector (FID) type total hydrocarbon analyser

(Horiba FIA-52), and that of carbon monoxide with

a non-dispersed infrared (NDIR) type CO analyser

(Horiba AIA-23). The soot concentration in the

exhaust gas was measured with a Bosch type smoke

analyser (ZEXEL DSM-20AN).

Blends of PME and ethanol (C2H5OH) at different

blending ratios were used as the fuel. Table 2 shows

the properties of the tested PME, ethanol, and some

ethanol/PME blends. Ethyl tertiary butyl ether

(ETBE; C2H5OC4H9, boiling point: 72 uC, cetane

number: 2.5), iso-octane (C8H18, boiling point:

99.3 uC, cetane number: 10), and light cyclic oil

(LCO; T50 5 278 uC, cetane index: 23) were also used

as additives to PME for analysing the mechanism in

the smoke reduction by ethanol blending.

2.2 Experiments for flame observation and two-
colour method analysis

The experiments for flame observation and two-

colour method analysis were performed in a bottom-

view type optical access engine having an extended

piston with a transparent fused silica crown. The

engine has a bore of 135 mm, a stroke of 130 mm,

and a compression ratio of 18.8, and is equipped

with a common rail type fuel injection system.

Blends of PME and ethanol at different blending

ratios were used as the fuel. The combustion flame

images were recorded by a memory type high-speed

video camera (Photoron Fastcam-ultima-RGB). Ima-

ging was made with a constant aperture and frame

speed of 9000 fps.

3 RESULTS AND DISCUSSIONS

3.1 Cold flow performance of BDF/ethanol blends

Despite the important advantage of productivity of

palm oil, PME has poorer cold flow performances

than other vegetable-oil-based biodiesel fuels. The

cloud point of PME is around 14 uC, and it is difficult

Table 1 Vegetable oil productivity [3]

Productivity (kg/(m2 year))

Palm oil 336 (490*)
Rapeseed oil 64
Soybean oil 41–46
Corn oil 42–44

*Including oil from the palm seeds

16 T Shudo, T Nakajima, and K Hiraga

Int. J. Engine Res. Vol. 10 JER01908 F IMechE 2009



to utilize neat PME as vehicle fuel except for in

tropical countries. To exploit the high productivity of

palm oil and use PME in a wide range of regions

including colder countries, it is crucial to improve

the cold flow performances of PME. PME contains a

large amount of the palmitic acid methyl ester

(CH3(CH2)14COOCH3) having a solidifying tempera-

ture of 30.5 uC. The high fraction of saturated fatty

compound is one reason for the high cloud point of

PME. Methyl esters of vegetable oils, BDF, are

mixtures of several kinds of fatty ester, and they

are highly soluble in ethanol at any level without

blending agents. Because the solidifying tempera-

ture of ethanol is a low 2114 uC, ethanol blending

into BDF is expected to lower the cloud point [5].

Figure 1 shows measured cloud points of PME/

ethanol blends for different ethanol fractions, show-

ing that ethanol blending effectively lowers the cloud

point. At 40 vol % of ethanol blending the cloud

point is approximately 8 uC, about 6u lower than the

cloud point of neat PME. The ethanol blending

expands the region where PME can be used for

vehicles. The effect by ethanol blending to lower the

cloud point was also confirmed with rapeseed oil

methyl ester (RME).

3.2 Influences of ethanol blending to BDF on
combustion and exhaust emissions

Compared with PME, ethanol has a lower cetane

number, lower boiling point, and higher oxygen

content as shown in Table 2. Because of this, the

ethanol blending into PME would have influences on

mixture formation, ignition, combustion, and ex-

haust emissions. Figure 2 shows the experimental

results of the combustion of the ethanol-blended

PME. The ethanol fraction in the blend fuel was set

at 0, 20, and 40 vol %. The fuel injection timing was

set at 8u crank angle (CA) before top dead centre

(BTDC). Smoke, which tends to increase with engine

load, decreases with increasing in the ethanol

content. The ethanol blending hardly influences

the NOx emission and the brake thermal efficiency

ge in the conditions set here. The influence of the

ethanol blending on total hydrocarbon (THC) and

CO emissions is limited. Therefore, the ethanol

blending can reduce the smoke emission consider-

ably without a remarkable deterioration in other

exhaust emissions and thermal efficiency.

Figure 3 shows measured in-cylinder pressure P,

apparent rate of heat release dQ/dh, and the in-

cylinder gas mean temperature Tg with the PME/

ethanol blended fuels with the different ethanol

contents [5]. The fuel injection timing was set at 5u
CA BTDC, the brake mean effective pressure

Table 2 Properties of the tested PME, ethanol, and ethanol-blended PME

PME Ethanolf E20PME E40PME

Methyl palmitate (16:0) 44.6 wt% — 36.7 wt% 27.7 wt%
Methyl stearate (18:0) 5.8 wt% — 4.8 wt% 3.6 wt%
Methyl oleate (18:1) 39.5 wt% — 32.5 wt% 24.6 wt%
Methyl linoleate (18:2) 8.8 wt% — 7.2 wt% 5.5 wt%
Ethanol (C2H5OH) — 99.9 wt% 17.7 wt% 37.8 wt%
Cetane number 65.8a 8 (54.2g) (42.7g)
Oxygen content 13.2 wt%b 34.8 wt% 26.2 wt% 21.8 wt%
Boiling point 215 , 443 uCc 78.3 uC 78.3 , 443 uC 78.3 , 443 uC
Solidifying point — 2114 uC — —
Flash point — 13 uC — —
Density 0.855 g/cm3 d 0.794 g/cm3 (0.843 g/cm3 h) (0.831 g/cm3 h)
Lower heating value 37.26 MJ/kge 26.82 MJ/kg 35.17 MJ/kg 33.08 MJ/kg

ameasured in CFR engine, bmeasured in CHON elemental analyser, cestimated from reference [6], dmeasured at 40 uC, ecalculated from
measured higher heating value and measured hydrogen content, fdata for ethanol from reference [7], gcalculated from volumetric mixing
ratio and each cetane number, hcalculated from volumetric mixing ratio and each density.

Fig. 1 Cloud point with ethanol-blended PME
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(b.m.e.p.) was 0.25 MPa, and the apparent rate of

heat release dQ/dh was calculated from the mea-

sured pressure data P by the following equation [8,

9]

dQ=dh~ V dP=dhzcPdV =dhð Þ= c{1ð Þ

{PV = c{1ð Þ2dc=dh ð1Þ

Here, V and c are volume and specific heat ratio of

the in-cylinder gas, and h is the crank angle.

The results in Fig. 3 show that the ignition timing

is retarded as the content of ethanol is increased.

The cetane number of ethanol is 8, while that for the

tested PME was 65.8. The retarded ignition timing

increases the apparent rate of heat release during the

first-stage combustion that is mostly premixed

combustion. This suggests that the ethanol blending

increases the amount of fuel–air mixture that is

formed during the ignition delay. Improvement in

the evaporation of injected fuel by blending ethanol

may also be a reason for the increased premixed

combustion, because the ethanol has a far lower

boiling point compared with the tested PME. The

boiling point of ethanol is 78.3 uC, while fatty acid

methyl esters in PME have boiling points from 215 to

443 uC, as shown in Table 2. The smoke reduction

indicated by Fig. 2 may be attributed to the

increased fraction of premixed combustion and also

to an increase in the oxygen content of the blended

fuels. On the other hand, the maximum value of the

in-cylinder gas mean temperature is hardly influ-

enced by the ethanol blending in spite of the large

increase in the premixed combustion heat release as

shown in Fig. 3. This is because of the largely

retarded combustion phase with the ethanol blend-

ing and can be a reason for the small change in NOx

emissions shown in Fig. 2.

While the ethanol blending strongly affects the

ignition timing as shown in Fig. 3, thermal efficiency

changes little with the blending as shown in Fig. 2.

To better understand this, thermal efficiency factors

in the combustion of PME/ethanol blends were

analysed by using the measured pressure data.

The brake thermal efficiency of an engine ge can

be expressed with the theoretical thermal efficiency

Fig. 2 Influence of ethanol blending on exhaust
emissions and thermal efficiency in PME
combustion

Fig. 3 Influence of ethanol blending on in-cylinder
pressure, apparent rate of heat release, and in-
cylinder gas mean temperature in PME com-
bustion [5]. ATDC: after top dead centre
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of the Otto cycle gth, the degree of constant volume

gglh, the combustion efficiency gu, the cooling loss

fraction ww, and the mechanical efficiency gm [10]

ge~gmgthgglhgu 1{wwð Þ ð2Þ

This equation can be rewritten with diagram factor

gg [8, 11]

ge~gmgthgg ð3Þ

The diagram factor gg is expressed with the degree of

constant volume gglh, the combustion efficiency gu,

the cooling loss fraction ww, and the factor governs the

trends of brake thermal efficiency ge in an engine at a

load. The degree of constant volume gglh is expressed

by equation (4) [8, 11]. The degree of constant volume

indicates how close the apparent heat release is to the

constant volume heat input at the top dead centre,

which is assumed in the Otto cycle

gglh~1= gthQð Þ
ð

1{ VhzVcð Þ
�

V 1{c
� �� �

dQ=dhdh
ð4Þ

Here, Q is the cumulative apparent heat release, Vh is
the stroke volume, and Vc is the clearance volume.
The value of gu(1 2 ww), comprising the combustion
efficiency gu and the cooling loss fraction ww, was
obtained from the cumulative apparent heat release
Q and supplied fuel energy Qfuel per cycle [8]. The
cumulative apparent heat release Q, which is
influenced by the heat transfer from burning gas to
combustion chamber wall, can be described with
cumulative real heat release QB and the cumulative
cooling loss QC in a cycle

Q=Qfuel~ QB{QCð Þ=Qfuel ð5Þ

The cumulative cooling loss QC is total heat

transferred from burning gas to the cylinder walls

in a cycle. The cumulative real heat release QB

corresponds to the product of the supplied fuel

energy Qfuel and the combustion efficiency gu

Q=Qfuel~gu QB{QCð Þ=QB ð6Þ

The cooling loss fraction ww was defined as a fraction

of the cumulative cooling loss heat QC to the

cumulative real heat release QB

Q=Qfuel~gu 1{wwð Þ ð7Þ

Figure 4 shows the thermal efficiency factors for

the experimental results in Fig. 3. A large amount of

ethanol blending tends to decrease the degree of

constant volume gglh owing to the retarded ignition

timing, but the increase in the value of gu(1 2 ww)

maintains the diagram factor gg and the brake

thermal efficiency ge. Because changes in the theore-

tical thermal efficiency gth and the mechanical

efficiency gm are small, the brake thermal efficiency

ge is influenced mostly by the changes in the diagram

factor gg, which consists of the degree of constant

volume gglh and gu(1 2 ww). Most of the increase in

gu(12ww) can be attributed to a decrease in the

cooling loss fraction ww owing to a shortened contact

time for burning gas and combustion chamber walls

due to the retarded combustion phase. The possible

change in flame luminosity by increased premixed

combustion fraction with ethanol blending may also

lead to a decreased radiation heat transfer.

3.3 Influences of ethanol blending to BDF and
EGR on combustion and exhaust emissions

The reduced smoke resulting from the ethanol

blending could allow an expansion of the EGR limit,

and a combination of ethanol blending and EGR

Fig. 4 Influence of ethanol addition on thermal
efficiency factors [5]
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could simultaneously reduce soot and NOx in PME

combustion. Figure 5 shows the experimental results

with combustion of the 40 vol % ethanol blended

PME with 35 per cent EGR: 35 per cent was the

maximum EGR ratio without deteriorating thermal

efficiency. The results with neat PME and 40 vol %

ethanol-blended PME without EGR are also shown

in the figure for comparison. The fuel injection

timing was set at 8u BTDC. With EGR, NOx emissions

are considerably reduced, maintaining the large

smoke reduction effect by ethanol blending.

Although THC and CO emissions are slightly

increased, the brake thermal efficiency is hardly

influenced by EGR. The emissions of THC and CO

are not very high and could be after-treated by

oxidation catalysts.

Figure 6 shows the influence of EGR ratio on

exhaust emissions and thermal efficiency in the

combustion of 40 vol % ethanol blended PME.

Results with neat PME are also shown in the figure

for a comparison. The fuel injection timing was set at

8u CA BTDC, and the b.m.e.p. was at 0.5 MPa. The

excess air ratio, which decreases with an increase in

the EGR ratio, is around 2.1 for without EGR and

around 1.6 for 35 per cent EGR. While NOx is

decreased with an increase in EGR ratio, smoke

from neat PME combustion is remarkably increased.

However, the ethanol-blended PME maintains the

relatively low smoke level, and the combination of

ethanol blending and EGR can achieve the simulta-

neous reduction of NOx and smoke. THC and CO

emissions are hardly influenced by EGR below the 35

per cent EGR ratio. Although the 40 vol % ethanol

blended PME sometimes causes misfiring with EGR

by more than 35 per cent at the fixed fuel injection

timing of 8u CA BTDC, an injection timing advance

enables the blend fuel to operate at EGR ratios

higher than 35 per cent. Figure 7 shows the relation

between NOx and smoke emissions at a fuel

injection timing of 8u BTDC and b.m.e.p. of

Fig. 5 Influence of ethanol blending and EGR on
exhaust emissions and thermal efficiency in
PME combustion

Fig. 6 Influence of EGR on exhaust emissions and
thermal efficiency in ethanol-blended PME
combustion
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0.5 MPa. Ethanol blending and EGR substantially

ease the trade-off between NOx and smoke.

Therefore, the combination of ethanol blending

and EGR can be a very effective technique to achieve

simultaneous reductions in NOx and smoke emis-

sions without deteriorating thermal efficiency in

BDF combustion.

3.4 Flame observation and two-colour method
analysis with ethanol blended BDF

Previous sections signify that the ethanol blending to

PME decreases the fraction of diffusion combustion,

which tends to emit a larger amount of soot than

premixed combustion. To confirm this, a combus-

tion flame was observed with a bottom-view type

optical access engine and was analysed by the two-

colour method. The engine was operated at the

b.m.e.p. of 0.5 MPa, the fuel injection timing of 5u CA

BTDC, the engine speed of 900 r/min, and the fuel

injection pressure of 120 MPa. Imaging was made by

a high-speed colour video camera with a constant

aperture and frame speed of 9000 fps.

Figure 8 shows direct flame images of PME com-

bustion with ethanol blending by 0, 10, and 20 vol %.

Figure 9 shows the averaged luminosity of the flame

images against crank angle. The images indicate that

ethanol blending decreases the averaged flame

luminosity and the region of luminous flame, which

were probably caused by the decrease in the fraction

of diffusion combustion flame which has far higher

emissivity than the premixed combustion flame. The

20 vol % ethanol blending reduces the maximum

average flame luminosity to less than half that with

Fig. 7 Influence of ethanol blending and EGR on the NOx and smoke relation

Fig. 8 Flame images of ethanol-blended PME combustion
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neat PME. The decrease in the cetane number by the

ethanol blending can be a main reason for the

decreased diffusion combustion fraction, because

the retarded ignition timing increases the time

available for fuel–air mixing before ignition. The

improved evaporation of injected fuel by blending

ethanol with a low boiling point can also be a reason

for the decreased diffusion combustion fraction. The

retarded ignition timing and the increased premixed

combustion fraction by the ethanol blending are also

clearly indicated in Fig. 3. The less luminous flames

with ethanol blending also lead to the decreased

radiation heat transfer from burning gas to the

cylinder walls and can be a reason for the low cooling

loss fraction shown in Fig. 4.

The luminous flame emission in diesel combus-

tion is thermal radiation from soot particles formed

in flame, and the monochromatic radiation heat flux

El at a wavelength l is a function of the flame

temperature T and the monochromatic emissivity of

soot particles group el [12].

El~elC1

�
l5 exp C2=lTð Þ{1½ �
� �

ð8Þ

Here, C1 and C2 are constants. The monochromatic

emissivity el in the equation can be expressed with

the following equation [13, 14].

el~1{exp KL=lað Þ ð9Þ

The KL factor, with the absorption coefficient of soot

particles K and flame thickness L, corresponds to a

relative index for soot concentration. Measurements

at two wavelengths give the flame temperature T and

the relative soot concentration KL by choosing a

proper value for a in equation (9) [11]. This two-

colour method is consistent for measuring the flame

temperature of the diesel engine by using 1.38 for the

exponent on wavelength a [14]. Figures 10 and 11

show distributions of flame temperature and KL

factor derived with the two-colour method from the

flame images shown in Fig. 8. The calculation was

carried out on each pixel of the recorded flame

images, employing 1.38 for the value of a. With

increases in the ethanol fraction, flames with high

temperature and high KL factor shrink. This suggests

that the increased ignition delay and improved fuel

Fig. 9 Influence of ethanol blending on average flame
luminosity

Fig. 10 Flame temperature distribution in ethanol-blended PME combustion
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evaporation by ethanol blending promoted fuel–air

mixing and reduced the region with high local

equivalence ratio. The decrease in the region with

high local equivalence ratio suppresses the soot

formation. The increase in fuel oxygen content by

blending ethanol may also have an effect on the

shrinkage of high KL flame region.

3.5 Mechanism in smoke reduction by ethanol
blending to BDF

This section analyses the mechanism of smoke

reduction by ethanol blending in PME combustion.

The analysis focuses on the influence of the changes

in cetane number, oxygen content, and volatility of

the fuel on the smoke emissions.

Figure 12 shows results with blends of PME and

ethanol (oxygen content: 34.8 wt %, cetane number:

8), ETBE (oxygen content: 15.7 wt %, cetane number:

2.5), or iso-octane (oxygen content: 0 wt %, cetane

number: 10). The fuel injection timing was set at 8u
BTDC, and the b.m.e.p. was 0.5 MPa for all the cases.

The EGR ratio was set at 35 per cent. The figure shows

oxygen content, cetane number, and smoke against

the fraction of the additive fuels. The cetane numbers

plotted in the figure were estimated with the volu-

metric mixing ratio of PME and the additives. The

differences in estimated cetane number among the

three kinds of blended fuel are quite small at the

blending ratios tested here. All cases show decreases

in cetane number and reductions in smoke, and this

indicates that the main reason for the smoke reduc-

tion is increased ignition delay by the decreased

cetane number. Among the three cases, the additive

with higher oxygen content gives the larger effect of

Fig. 11 Distribution of KL factor in ethanol-blended PME combustion flame

Fig. 12 Influence of oxygen content and cetane
number of additive fuels on smoke reduction
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smoke reduction. It suggests that the increase in

oxygen content may be a factor for the smoke

reduction by ethanol blending into PME.

Because most fatty acid methyl esters contained in

PME have boiling points from 215 to 443 uC,

blending ethanol with a boiling point of 78.3 uC
changes volatility characteristics considerably. In

addition to the decrease in cetane number, im-

proved volatility may also increase the premixed

combustion fraction. To separate this effect, two

kinds of additive with very different volatilities and

with similar cetane number and oxygen content

were investigated. Figure 13 shows the results for

PME blended with iso-octane (C8H18, boiling point:

99.3 uC) and light cyclic oil (LCO; T50 5 278 uC) by

20 vol %. Volatility characteristics of the tested

additives for the blending are shown in Fig. 14.

Palmitic acid methyl ester, the main constituent of

PME, has a very high boiling point of 418 uC. The

graph in Fig. 13 shows oxygen content, ignition delay,

premixed combustion fraction, and smoke emission

for the two blend fuels. The premixed combustion

fraction was obtained by analysing the heat release.

The apparent rate of heat release dQ/dh was

integrated from ignition to the crank angle with the

maximum rate of heat release as shown in Fig. 15.

Then the value was doubled to obtain the approx-

imate value of cumulative heat release by the first

stage combustion Qpre which is mostly premixed

combustion. The premixed combustion fraction was

defined as a fraction of the premixed combustion heat

release Qpre to the total apparent heat release Q.

Neither iso-octane nor LCO contains oxygen, but

both have quite low cetane numbers. The difference

in estimated cetane numbers with the two kinds of

blended fuel is quite small at the 20 vol % blending

ratio here, resulting in similar ignition delays. With

iso-octane there is a larger fraction of premixed

combustion and a stronger effect of smoke reduc-

tion. Here, molecular structure of some compounds

in LCO, which contains aromatic hydrocarbons, is

largely different from that of iso-octane. Therefore

the smoke emission tendencies of the two additives

themselves are different from each other. However,

the contributions of the additives to the smoke

emission from the blended fuels would be small at

the 20 vol % blending ratio, considering that the

volatility of the additives is significantly better than

the main constituent of PME having 418 uC boiling

point. The improved fuel volatility by blending
Fig. 13 Influence of volatility of additive fuels on

smoke reduction

Fig. 14 Volatility of the tested fuels

Fig. 15 Estimation of premixed combustion heat
release
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ethanol with the much lower boiling point than PME

may also be a factor in the increased premixed

combustion and smoke reduction.

Therefore, the main factors in the smoke reduc-

tion by ethanol blending into PME are the increased

premixed combustion due to the decreased cetane

number and the improved volatility, and the in-

creased oxygen content. These effects can also be

achieved with other diesel fuels by blending a fuel

having a low cetane number, a low boiling point, and

high oxygen content.

4 CONCLUSION

The results of this study may be summarized as

follows.

1. Despite the important advantage of the produc-

tivity of palm oil, PME has poorer cold flow

performances than other vegetable-oil-based bio-

diesel fuels. Fatty acid methyl esters, the main

constituents of PME, are highly soluble in ethanol

at any level without blending agents, and cloud

point can be lowered by blending ethanol to PME.

While the cloud point of neat PME is around

14 uC, 40 vol % ethanol blending brings 8 uC cloud

point.

2. Smoke emissions from diesel combustion of

ethanol-blended PME decrease with increasing

ethanol fraction. The first stage heat release, which

is mostly by premixed combustion, is increased

with the ethanol blending and the smoke reduc-

tion. By blending ethanol to PME, flame region

with high luminosity, high temperature, and high

KL factor shrink. This suggests that the ethanol

blending increases premixed combustion and

reduces the region with high local equivalence

ratio, which leads to the soot formation.

3. The smoke reduction effect by the ethanol

blending to PME is maintained in the operation

with EGR resulting in reduced NOx. The thermal

efficiency is hardly influenced by 40 vol % ethanol

blending and 35 per cent EGR. The combination

of ethanol blending and EGR would be effective in

reducing NOx and smoke simultaneously without

deteriorating the thermal efficiency in PME

combustion. The trade-off between NOx and

smoke can be considerably eased by this techni-

que.

4. The smoke reduction by blending ethanol can be

attributed to an improved fuel–air mixing, which

results in increased premixed combustion and

decreased diffusion combustion, by an increased

ignition delay owing to the low cetane number of

ethanol and by a promoted evaporation of fuel

spray resulting from the relatively low boiling

point of ethanol. The increase in the oxygen

content in the blended fuel also leads to the lower

soot emission. These effects can also be achieved

with other diesel fuels by blending a fuel having a

lower cetane number, lower boiling point, and

higher oxygen content.
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