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Abstract

A blend of 20% (v/v) ethanol/methyl soyate was prepared and added to diesel fuel as an oxygenated additive at volume percent levels of 15

and 20% (denoted as BE15 and BE20). We also prepared a blend containing 20% methyl soyate in diesel fuel (denoted as B20). The fuel

blends that did not have any other additive were stable for up to 3 months. Engine performance and emission characteristics of the three

different fuels in a diesel engine were investigated and compared with the base diesel fuel. Observations showed that particulate matter (PM)

emission decreased with increasing oxygenate content in the fuels but nitrogen oxides (NOx) emissions increased. The diesel engine fueled

by BE20 emitted significantly less PM and a lower Bosch smoke number but the highest NOx among the fuel blends tested. All the oxygenate

fuels produced moderately lower CO emissions relative to diesel fuel. The B20 blend emitted less total hydrocarbon (THC) emissions

compared with base diesel fuel. This was opposite to the fuel blends containing ethanol (BE15, BE20), which produced much higher THC

emission.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxygenated fuels are known to reduce PM emissions

for motor vehicles and have been evaluated as potential

sources of renewable fuels. Among the alternative fuels,

biodiesel and ethanol are the most widely studied biofuels

for diesel engines and have received considerable

attention in recent years [1–19]. Biodiesel has properties

similar to those of traditional diesel such that it can be

substituted for diesel fuel with little or no engine

modification. Biodiesel has been recognized as an

environment friendly alternative fuel for diesel engines.

The most widely used form of biodiesel is made from
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methanol and soybean oil and is known as methyl soyate,

or soy methyl ester.

Graboski and co-workers tested primarily methyl esters

of various fats and oils in neat or blended form in diesel

engines [1]. They found that the lubricity of these fuels was

superior to conventional diesel fuel, and this property was

imparted to blends at levels above 20 vol% by volume.

Emissions of PM can be reduced dramatically through the

use of biodiesel in engines. Emissions of NOx increased

significantly for both neat and blended fuels in both two-

and four-stroke engines. Ali et al. also employed a DD6V-

92TA engine and a Cummins NTA-855-C engine to

determine the power characteristics and emissions of NOx,

HC, CO and Bosch smoke that resulted from blending

methyl soyate and diesel fuel [4]. Their results showed that

there was no significant reduction in engine power output on

methyl soyate blends up to 30% in volume and as the

percentage of methyl soyate in the fuel increased, the NOx

increased but the HC, CO and Bosch smoke decreased.

Wang et al. employed nine tractor trucks to determine the

emissions from a blend of 35% biodiesel and 65%

petroleum diesel, designated as B35 [5]. The test showed
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Table 1

Engine specifications

Cylinder number 4

Bore (mm)!stroke (mm) 94.4!100

Displacement (L) 2.8

Compression ratio 18.5:1

Rated power (kW)/speed (r/min) 76/3600

Maximum torque (Nm)/speed (r/min) 245/1900
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that the heavy-duty trucks fueled by B35 emitted markedly

lower PM, CO and HC compared to emissions with diesel

fuel. The heavy duty trucks tested performed well when the

diesel engine was fueled with B35 without any

modification.

McCormick and coworkers investigated several oxyge-

nates, n-octanol (C8), decanoic acid (C12), and methyl

soyester (C17) at 1 wt% oxygen in diesel fuel using a

6V-92TA DEC II engine [6]. It was found that all

oxygenates tested produced a significant PM reduction in

the range of 12–17%. This study also examined the effect of

methyl soy ester and n-octanol at 2 wt% oxygen on a DDC

Series 60 engine. Methyl soy ester and n-octanol produced

20 and 12% reductions in particulate matter (PM),

respectively. The effect of oxygenates on NOx emissions

was different. Methyl ester increased NOx by 2–3%, while

decanoic acid had no effect on NOx, and octanol slightly

decreased NOx emissions [6].

On the other hand, studies on ethanol–diesel confirm

substantial reductions in PM [7–11]. However, there are

many technical barriers to the direct use of ethanol in diesel

fuel because of the properties of ethanol: for instance, the

low cetane number of ethanol and the solubility of ethanol

in diesel fuel at a wide range of temperature. In fact, diesel

engines cannot operate normally on an ethanol–diesel blend

without special additives. Despite these facts, ethanol is still

a low cost oxygenate with high oxygen content [12].

Blending ethanol with diesel produces an effective blended

fuel.

The studies cited above clearly indicate that a substantial

reduction in PM emissions can be obtained through the

addition of oxygenates, and in particular, biodiesel and

ethanol, to diesel fuel.

Previous studies have suggested that for PM reduction,

the weight percent of oxygen content in the fuel is the most

important factor; it is more important than other properties

such as chemical structure or volatility [1,5,13]. The oxygen

content of ethanol is much higher than that of methyl soyate.

Including ethanol in biodiesel and diesel blends can increase

the fuel oxygen level. On the other hand, biodiesel is known

to act as an emulsifier for ethanol. Solubility and stability of

ethanol in fuel blends will be greatly improved without

other additives [7]. Additionally, the poor cold flow

properties of biodiesel is a barrier to the use of biodiesel

and diesel fuels blends in cold weather. The average

freezing point of soybean methyl ester was reported to be

K3.8 8C [2]. Ethanol might be expected to improve low

temperature flow properties. It is assumed that the high

cetane number of biodiesel can compensate for the cetane

number decrease caused by the presence of ethanol in fuel.

Taking these facts into account, it was assumed that blends

of biodiesel, ethanol, and diesel fuel may improve some

properties compared with biodiesel–diesel blends and

ethanol–diesel blends.

Ali et al. used 12 different blends of methyl tallowate,

methyl soyate, ethanol and diesel fuel in a Cummins N14-410
diesel engine and found that engine performance with these

fuel blends did not differ to a great extent from engine

performance with diesel fuel [14]. In their study, the same

engine fueled by an 80:13:7 blend of diesel fuel:methyl

tallowate:ethanol emitted minimum emissions [15]. It has

been suggested that the biodiesel and ethanol blends can be an

optimized oxygenate for diesel fuels [7].

In the current study, we investigated the engine

performance and emissions characteristics with fuel blends

of petroleum diesel fuel, methyl soyate, and ethanol on a

diesel engine. Brake specific fuel consumption (BSFC),

regulated emissions, including PM, Bosch smoke number,

nitrogen oxide (NOx), carbon monoxide (CO) and total

unburned hydrocarbon (THC), were investigated and

discussed. Water tolerance and stability of the blends fuels

were also considered.
2. Experimental
2.1. Engine and apparatus

All experiments were performed on a commercial DI

diesel engine, named Sofim 8140.43C, which met Euro II

emission regulations. The major engine specifications are

shown in Table 1. Prior to running each experiment, the

engine was fully warmed and the injection pressure was

adjusted by an outside pressure compensation instrument to

ensure the engine operated at the same injection pressure for

each fuel. A Zöllner electric eddy dynamometer was

coupled to the engine and used to measure the engine

power. An exhaust gases analyzer (AVL CEB-11 type) was

employed to measure the emissions of NOx, THC, CO

and CO2 on line. The relative standard deviations of NOx,

CO, THC, and CO2 concentrations were !1, !5, !3 and

!0.2%, respectively. The Bosch smoke number was

measured with a FBY-1 smoke analyzer. Total PM was

measured by an AVL PM analyzer with exhaust particulate

dilution and a sampling system.

Two types of experimental units were carried out in the

current study: speed characteristics (engine performance at

various speeds with full load, denoted by Run 1) and load

characteristics (engine performance at peak torque speed,

1900 rpm, with varying loads, denoted by Run 2), as shown

in Table 2.



Table 4

Properties of fuel blends

Ethanol,

% (v/v)

Methyl

soyate,

% (v/v)

Oxyge-

nate

(wt%)

Vis-

cosity,

cS, at

40 8C

Density,

g/ml at

20 8C

Gross

heat

content

(MJ/kg)

Diesel 0 0 0 3.11 0.84 42.5

B20 0 20 2.3 3.36 0.85 41.6

BE15 3 12 2.3 3.01 0.84 41.5

BE20 4 16 3.1 3.03 0.84 41.2

Table 2

Experimental conditions

Run 1 Run 2

Speed

(rpm)

Torque

(N m)

Power

(kW)

Speed

(rpm)

Torque

(N m)

Power

(kW)

1100 150 17 1900 25 5

1600 220 36 1900 62 12

1900 251 49 1900 125 25

2400 230 61 1900 187 37

2900 220 66 1900 210 43

3600 186 70 1900 249 49
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2.2. Experimental fuels

The commercial diesel fuel employed in the tests was

obtained locally. The methyl soy ester was produced in

China. It was made through a reaction of soybean oil and

methanol, and was provided by a local supplier. The ethanol

was an analysis-grade anhydrous ethanol (99.7% purity).

Viscosity was determined by the standard test method

(GB/T 265-88, China). The temperature of the sample was

maintained at 40 8C within G0.1 8C with a constant

temperature bath. Five viscosity measurements were made

on each sample and average was taken.

The viscosity of methyl soyate was observed to be

4.75 cS, much higher than that of diesel fuel at 40 8C. It was

observed that a blend of 20% (v/v) ethanol with methyl

soyate had the same viscosity as diesel fuel at 40 8C. In the

current study, an oxygenate consisting of 20% (v/v) ethanol

with methyl soyate (denoted by BE) was added to the base

diesel fuel at different percent volumes.

Four fuels were prepared: diesel fuel as baseline fuel,

20 vol% methyl soyate and diesel fuel blends (denoted

by B20), 15 vol% BE (a blend of 20% (v/v) ethanol with

methyl soyate) and diesel fuel blends (denoted by BE15),

20 vol% BE and diesel fuel blends (denoted by BE20).

B20, BE15, and BE20 were very stable even when

exposed to air for at least 3 months. The water tolerance

of BE15 and BE 20 was observed to be about 1w2% at

20 8C.

Some of their properties are reported in Tables 3 and 4.
Table 3

Properties of blending stocks

Properties Diesel Methyl soyate Ethanol

Boiling point (8C) 180–330 330 78

Cloud point (8C) K5 0 –

Density, g/ml at 20 8C 0.84 0.88 0.789

Oxygenate (wt%) n/a 11 35

Carbonate (wt%) 87 77 52

Hydrogen (wt%) 13 11.8 13

Viscosity, cS at 40 8C 3.11 4.75 1.2

Cetane number 46 55 6

Flash point (8C) 78 66 13.5

Gross heat content (MJ/kg) 42.5 38.0 27.0
3. Results and discussion

3.1. Brake specific fuel consumption (BSFC)

The BSFC measurements for all fuels at Run 1 operation

conditions are shown in Fig. 1. The differences in BSFC

reflected the differences in some of the physical properties

of the fuels such as density and calorific values. Calorific

values of ethanol and methyl soyate are lower than that of

diesel fuel. The gross heat value of diesel was 42.5 MJ/kg,

whereas that of BE20 was only 41.2 MJ/kg, a drop of about

3%. In theory, the BSFC should increase with an increase in

the oxygenate content in the fuel blends because of the

reduced energy content. In the current study, the fuel blends

showed very slight change in BSFC compared with diesel

fuel. The engine performance was little affected by the

lower gross heat value of the oxygenate fuels.

3.2. Smoke emissions and total particulate matter (PM)

The Bosch smoke number was measured for D, B20,

BE15 and BE20 in the engine at Run 1 (Fig. 2a) and at Run 2

(Fig. 2b) operation conditions. From Fig. 2, it is obvious that

the smoke emissions were reduced with the oxygenated

fuels and were decreased most with BE20 under the

operation conditions. Adding oxygenates to diesel fuel

had a remarkable effect on the reduction of smoke

emissions, especially at high load at the engine speed of

1900 rpm (Fig. 2b). With the BE20, an average 47%

reduction of Bosch smoke number was obtained at Run 1
Fig. 1. Comparison of BSFC for test fuels at various engine speeds. D:

diesel fuel; B20:20:80 (v/v) blend of methyl soyate:diesel fuel.

BE15:12:3:85 (v/v) blend of methyl soyate:ethanol:diesel fuel.

BE20:16:4:80 (v/v) blend of methyl soyate:ethanol:diesel fuel.



Fig. 2. Comparison of Bosch smoke number for test fuels, a: full load; b: nZ1900 rpm. D: diesel fuel; B20:20:80 (v/v) blend of methyl soyate: diesel fuel.

BE15:12:3:85 (v/v) blend of methyl soyate:ethanol:diesel fuel. BE20:16:4:80 (v/v) blend of methyl soyate:ethanol:diesel fuel.
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(Fig. 2a), and a 90% reduction of this number was obtained

at 210 N m load at the engine speed of 1900 rpm (Fig. 2b).

The reduction of smoke emissions can be explained by the

enrichment of oxygen content in the fuel by the addition of

oxygenates (methyl soyate and ethanol), resulting in more

complete combustion.

Fig. 3 shows the total PM emission results obtained from

the fuels at the maximum torque and at the highest engine

speed. The results demonstrate that B20, BE15, and BE20

decreased the total PM emissions greatly. PM reduction of

B20 was very close to that of BE15; it was 34% at the

highest speed and was 17% at the maximum torque. BE20

showed the largest decreases in PM among the test fuels as

expected, which produced 48 and 34% reduction in PM at

the two operation points. It should be noted that the results

of PM emissions are preliminary since only a limited

number of runs were completed in this study. However,

considering the results of smoke emission, which is closely

related to PM emission, adding ethanol to biodiesel and

diesel fuel blends results in significant improvement PM

emissions.
Fig. 3. Comparison of PM emissions for test fuels. D: diesel fuel. B20:20:80

(v/v) blend of methyl soyate:diesel fuel. BE15:12:3:85 (v/v) blend of

methyl soyate:ethanol: diesel fuel. BE20:16:4:80 (v/v) blend of methyl

soyate:ethanol:diesel fuel.
3.3. NOx emissions

In the current investigation, it is apparent that NOx

emissions varied considerably with the test fuels at selected

operating conditions. All fuel blends increased NOx relative

to diesel fuel. Normally, if we can organize a more complete

combustion, we can get a higher combustion temperature,

which will cause a high NOx formation. It should be noted

that oxygenates are blended with the fuel at the same

volume percent level for B20 and BE20; however, the NOx

increase with BE20 was more significant than that with B20,

which means that the ethanol might have a more complete

combustion than the methyl soyate. On the other hand, B20

and BE15 have equal oxygen content weights; however, the

NOx emissions with BE15 were measurably higher than

those with B20, which again proved the ethanol’s effect on

combustion. From Fig. 4, it is evident that the NOx

emissions decreased with increasing torque. At a full load,
NOx emissions varied with engine speeds and the peak of

NOx emissions occurred from 1600 to 2900 rpm, where the

highest combustion temperature was occurred in maximum

torque region. The highest NOx emissions among the fuels

tested were observed with the use of BE20. NOx emissions

with BE20 increased about 19% at Run 1 (Fig. 4a) and

increased about 30% at Run 2 (Fig. 4b), compared with

diesel fuel.

The increase of the NOx emissions can be explained by

the decrease of the cetane number with the addition of the

oxygenates. It is well known that the cetane number has a

significant influence on combustion. A lower cetane number

means an increase in the ignition delay and more

accumulated fuel/air mixture, which causes a steep heat

release in the beginning of the combustion, resulting in high

temperatures and high NOx formation. The cetane number

of the fuel decreased with the increase of ethanol content in

the fuel because of the low cetane number of ethanol. For

BE15 and BE20, the cetane number should be the dominant

factor for increased NOx emissions. In addition, we

observed a measurable increase of the concentration of

oxygen presence in combustion products with BE15 and a

slight increase of that with BE 20 (not shown here). This

may be another cause for NOx increase.



Fig. 4. Comparison of NOx emissions for test fuels, a: full load; b: nZ1900 rpm. D: diesel fuel; B20:20:80 (v/v) blend of methyl soyate:diesel fuel.

BE15:12:3:85 (v/v) blend of methyl soyate:ethanol:diesel fuel. BE20:16:4:80 (v/v) blend of methyl soyate:ethanol:diesel fuel.
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It should be noted that the B20 fuel increased NOx but

had a substantially higher cetane number than diesel fuel

because of the high cetane number of methyl soyate. The

NOx behavior of biodiesel blended fuels is complex and is

not conclusive. Many studies indicate that oxygenate fuel

blends can cause the increase of NOx emissions. However,

some studies also found no NOx increase or even a decease

in NOx [16]. There is strong evidence that methyl soyate can

cause the increase of NOx emissions and many explanations

for the increase of NOx during biodiesel combustion have

been proposed [1,4,5,13]. In the case of ethanol–diesel

blended fuel, some studies reported a significant benefit in

terms of NOx emissions [17,18]. However, some opposite

results have also been reported and explained [19].

3.4. THC emissions

Fig. 5 shows that HC emissions decreased when the

diesel engine was fueled with B20, and the reduction rates

were about 21% at Run 1 (Fig. 5a) and about 23% at Run 2

(Fig. 5b) operation conditions. On the other hand, the THC

emissions with BE15 and BE20 increased significantly

relative to that with diesel fuel at all selected operation

conditions. This indicates that the presence of ethanol might

be the essential factor for the increase of THC emissions
Fig. 5. Comparison of THC emissions, a: full load; b: nZ1900 rpm. D: diesel fu

blend of methyl soyate:ethanol:diesel fuel. BE20:16:4:80 (v/v) blend of methyl s
with BE15 and BE20. High THC emission means that there

is some unburned ethanol emitted in the exhaust due to the

larger ethanol dispersion region in the combustion chamber.

Methyl soyate has a higher cetane number than diesel,

which will result in more complete combustion in the

cylinder. Thus, B20 had less THC emissions than diesel

fuel.

3.5. CO emissions

The variations of CO emission with respect to fuels,

loads and engine speeds are shown in Fig. 6. The overall test

results showed that BE20 reduced CO emissions by an

average of about 19% at Run 1 (Fig. 6a) and 20% at Run 2

(Fig. 6b). B20 and BE15 showed similar CO emissions

characteristics and reduced CO emissions slightly compared

with the base diesel fuel. This is understandable because the

blends fuels have higher oxygen content than diesel fuel.

BE20 contains 3.1% oxygen and produced the smallest

amount of CO among the four fuels. The CO emissions of

the four fuels showed similar trends at all the selected

operation conditions. For a steady engine speed of 1900 rpm

(Fig. 6b), CO emissions increased markedly at lower and

higher loads. For a full load, high CO emissions were

observed at lower speeds and higher speeds (Fig. 6a).
el; B20:20:80 (v/v) blend of methyl soyate:diesel fuel. BE15:12:3:85 (v/v)

oyate:ethanol:diesel fuel.



Fig. 6. Comparison of CO emissions, a: full load; b: nZ1900 rpm. D: diesel fuel; B20:20:80 (v/v) blend of methyl soyate: diesel fuel. BE15:12:3:85 (v/v) blend

of methyl soyate:ethanol:diesel fuel. BE20:16:4:80 (v/v) blend of methyl soyate:ethanol:diesel fuel.
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Normally, better combustion can be achieved at a medium

speed and with a medium-sized load. The addition of

oxygenates into the diesel fuel results in a slight benefit in

the reduction of CO.
4. Conclusions

The results indicated that the presence of oxygenated

compounds in diesel fuels significantly influences engine

emissions. All oxygenated fuels tested show a beneficial

effect on reducing smoke emissions and PM emissions at the

operation conditions compared with diesel fuel. Consistent

with other studies, the PM emissions were largely dependent

on the oxygen content of the fuel. BE20, which has the

highest oxygen weight content in all tested fuels in this

study, showed excellent ability to eliminate soot emissions,

and the maximum reduction of PM was observed at 48%.

NOx emissions were observed to increase when oxygenated

fuels were used. An average increase in NOx emission was

25% at Run 1 and 32% at Run 2. The CO emissions with

BE15 and B20 were slightly lower than that with diesel fuel.

BE20 decreased CO emissions relative to diesel fuel. BE15

and BE20 increased THC emissions while B20 decreased

the THC compared with diesel fuel. In this case, ethanol

content may be the essential factor in the THC emission.

Despite the unwanted results of the increase in NOx

emissions and THC emissions on the biodiesel/ethanol/

diesel blends, the apparent large decrease in PM emission

for these blended fuels is promising and should attract the

interest of some researchers. Additionally, our previous

works has proven that catalytic treatment is an effective way

to control the NOx emissions from diesel engines [20–22]. A

rather high NOx emission reduction rate has been obtained

by applying our catalytic converter to a diesel engine in our

previous experiment. In addition, biodiesel/ethanol/diesel

blends show better properties of water tolerance and

stability than biodiesel–diesel and ethanol–diesel. Taking

these facts into account, the biodiesel, ethanol and diesel
fuel blends can be considered to be promising alternative

fuels for diesel engines.
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