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Biodiesel Development and
Characterization for Use as a Fuel
in Compression Ignition Engines
Neat vegetable oils pose some problems when subjected to prolonged usage in CI e
These problems are attributed to high viscosity, low volatility and polyunsaturated c
acter of the neat vegetable oils. These problems are reduced to minimum by subject
vegetable oils to the process of transesterification. Various properties of the biodiese
developed are evaluated and compared in relation to that of conventional diesel oil. T
tests for biodiesel and diesel oil include density, viscosity, flash point, aniline point/ce
number, calorific value, etc. The prepared biodiesel was then subjected to perform
and emission tests in order to evaluate its actual performance, when used as a
engine fuel. The data generated for various concentrations of biodiesel blends
compared with base line data generated for neat diesel oil. It was found that 20 pe
blend of biodiesel gave the best performance amongst all blends. It gave net advant
2.5 percent in peak thermal efficiency and there was substantial reduction in s
opacity values. This blend was chosen for long term endurance test. The engine ope
on optimum biodiesel blend showed substantially improved behavior. A series of e
tests provided adequate and relevant information that the biodiesel can be used
alternative, environment friendly fuel in existing diesel engines without substantial h
ware modification. @DOI: 10.1115/1.1364522#
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Introduction
The world is presently confronted with the twin crises of fos

fuel depletion and environmental degradation. Indiscriminate
traction and lavish consumption of fossil fuels have led to red
tion in underground based carbon resources. The search fo
alternative fuel, which promises a harmonious correlation w
sustainable development, energy conservation, management
ciency and environmental preservation, has become highly
nounced in the present context. For the developing countrie
the world, fuels of bio-origin can provide a feasible solution to t
crises. The fuels of bio-origin may be alcohol, vegetable o
biomass, and biogas. Some of these fuels can be used dir
while others need to be formulated to bring the relevant proper
close to conventional fuels. The power used in the agricultural
transportation sector is essentially based on diesel fuels and
therefore, essential that alternatives to diesel fuels be develo
Given the recent widespread use of diesel fuel in various sec
this study concentrates on assessing the viability of using v
etable oils in the existing diesel engines. Vegetable oils have c
parable energy density, cetane number, heat of vaporization,
stoichiometric air/fuel ratio with mineral diesel fuel. The larg
molecular sizes of the component triglycerides result in the
having higher viscosity compared with that of mineral diesel fu
The viscosity of liquid fuels affects the flow properties of the fu
such as spray atomization, consequent vaporization, and air
mixing. The problem of viscosity has an adverse effect on
combustion of vegetable oils in the existing diesel engines.
sides some problems crop up in the associated fuel pump
injector system. An acceptable alternative fuel for engines ha
fulfill the environmental and energy security needs without sa
ficing operating performance@1#.

Methanol and ethanol are two abundantly available alterna
fuels, which possess the potential to be produced from biom
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sources. These fuels can be successfully used as diesel e
fuels by preparing biodiesel. Transesterification process utili
methanol or ethanol and vegetable oils as the process inputs.
indirect route of utilizing alcohol as a diesel engine fuel is de
nitely a superior route as the toxic emissions containing aldehy
are drastically reduced. The problem of corrosion of various
gine parts utilizing alcohol as fuel is also solved by way of tran
esterification@2#.

The present work is carried out using a typical vegetable oil
formulating its properties closer to the conventional diesel
System design approach has taken care to see that these mo
fuels can be utilized in the existing diesel engine without a
substantial hardware modifications. India is producing arou
6.73106 tons of non-edible oils such as linseed, castor, kara
~Pongamia glabra!, neem ~Azadirachta indica!, palash ~Butea
monosperma!, and kusum~Schlelchera trijuga!. Some of these
oils produced even now are not being properly utilized, and it
been estimated that some other plant-based forest derived
have a much higher production potential. It will be expensive a
time consuming to incorporate even a minor design alteration
the system hardware of a large number of existing engines o
ating in the rural agricultural sector of the country. Keeping this
view, several modes of fuel formulation such as blending, tra
esterification and emulsification were adopted in the present w
to identify the most appropriate mechanism.

Vegetable oils have about 90 percent of the heat conten
diesel fuel and they have a favorable output/input ratio of abou
to 4: 1 for unirrigated crop production. The current prices of ve
etable oils in the world are nearly competitive with petroleum fu
price. From amongst the large number of vegetable oils availa
in the world, if any specific oil needs to be adopted as a conti
ing energy crop, it is then essential that an oilseed variety hav
higher productivity and oil content must be produced. Nevert
less, valid technologies must be developed for the use of v
etable oils as an alternative diesel fuel that will permit crop p
duction to proceed in an emergency situation. Vegetable oils in
raw form cannot be used in engines. They have to be converte
a more engine-friendly fuel called biodiesel.

Biodiesel is a chemically modified alternative fuel for dies
27,
001 by ASME Transactions of the ASME
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engines, derived from vegetable oil fatty acids, and animal fat
its simplest form, the carbon cycle of vegetable oils consist of
fixation of carbon and the release of oxygen by plants through
process of photosynthesis and then combining of oxygen and
bon to form CO2 through processes of combustion or respiratio
It is appropriate to mention here that the CO2 released by petro-
leum diesel was fixed from the atmosphere during the forma
years of the earth, whereas the CO2 released by biodiesel get
continuously fixed by plants and may be recycled by the n
generation of crops. The carbon cycle time for fixation of CO2 and
its release after combustion of biodiesel is quite small as c
pared~few years! to the cycle time of petroleum oils~few million
years!. It is well known that petroleum refiners are now facin
new sulfur and aromatic compound specifications. Since biodi
is a fuel made up of esters derived from oils and fats from ren
able biological sources, it has been reported to emit far less r
lated pollutants than petroleum diesel fuel@3#.

Historical Perspective
The inventor of the diesel engine, Rudolf Diesel, in 1885, us

vegetable oils~peanut oil! as a diesel fuel for demonstration at th
1900 world exhibition in Paris. Speaking to the Engineering S
ciety of St. Louis, Missouri, in 1912, Diesel said, ‘‘The use
vegetable oils for engine fuels may seem insignificant today,
such oils may become in course of time as important as petrol
and the coal tar products of the present times’’@4#. However,
higher viscosity is responsible for various undesirable combus
properties of neat vegetable oils. Four well-known techniques
proposed to reduce the viscosity levels of vegetable oils, nam
dilution, pyrolysis, micro-emulsion, transesterification@5#. Trans-
esterification, however, is the current method of choice in
study, which results in a fuel very similar to that of diesel o
Transesterification was known as early as 1864, when Rochl
described glycerol preparation through ethanolysis of castor
Transesterification is a chemical reaction that aims at substitu
the glycerol of the glycerides with three molecules of mon
alcohols such as methanol thus leading to three molecules of
thyl ester of the vegetable oil. The idea of chemically alteri
vegetable oils was noted even before World War II. Walton wr
in 1938 ‘‘to get the utmost value from vegetable oils as fuels i
academically necessary to split the glycerides and to run on
residual fatty acid’’ because ‘‘the glycerides are likely to cause
excess of carbon in comparison’’@6#.

The process of utilizing biodiesel in the IC engines for transp
as well as other applications, is gaining momentum recently. I
has recognized biodiesel as an alternative fuel for the transp
tion sector. The European Commission proposed a 12 per
market share for biofuels by the year 2020@7#. Kaltschmitt et al.
conducted a study, which shows that bioenergy carriers o
some clear ecological advantages over fossil fuels such as
serving fossil energy resources or reducing the greenhouse e
@8#.

Knothe investigated the influence of fatty acid structure on
performance as a diesel fuel@9#. Pischinger et al. found mo
noesters to be technically attractive in terms of good miscibi
with diesel oil, almost similar volumetric heat content, adequ
viscosity and cetane number@10#. The high carbon residue indi
cated by the Conradson value and high viscosity are due to
large molecular mass and chemical structure. The high car
residue is likely to lead to heavy smoke emission from an eng
@11#.

Hemmerlein et al. established that all of the engines run
rapeseed oil passed the ECE R49 regulation relating to CO,
NOx , and soot emissions in the 13-mode test. the emission
aromatics, aldehydes, ketones, and particulate matter were h
when rapeseed oil was used. PAH emissions were reduce
larger cylinder IDI engines and elevated in other engine ty
@12#. Vegetable oil based fuels are biodegradable, non-toxic,
significantly reduce pollution. Reports on the use of biodiese
Journal of Engineering for Gas Turbines and Power
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diesel engines indicate a substantial reduction in S, CO, P
smoke, noise, and particulate emissions@13–15#. Furthermore,
contribution of biodiesel to greenhouse effect is insignifica
since CO2 emitted during combustion is recycled in the photosy
thesis process occurring in the plants and is used as a raw ma
for biodiesel production@14,16#. In 1992, the bi-state develop
ment agency~Transit Authority for the Greater St. Louis Metro
politan Area! began a limited 3320 km~2000 mile! test using 30
percent blend of biodiesel and No. 2 diesel fuel in two Ford va
powered by Navistar 7.3 liter engines. They observed that th
was no change in the fuel mileage, smoke opacity was reduce
30 percent, and exhaust odors were less offensive. There wer
adverse engine effects. The same study was expanded to inc
20 vans and after 41,500 km~25,000 miles!, the results were the
same@3,17#.

In Austria, biodiesel from rapeseed oil is commercialized. T
first industrial plant for biodiesel production capacity of 10,0
tons per year in the world went into operation in Austria, in 199
RME is produced in co-operative and industrial-scale plants.
interesting point is that biodiesel is produced from a mix of RM
SME, and FME~used frying oil methyl ester! in Austria. Tax
benefits in Austria and Germany encourage the use of 100 per
biodiesel fuel in ecologically sensitive areas and agricultural a
mountainous region@18,19#. In Ireland, two pilot projects on the
use of biodiesel~RME! in commercial vehicles are reported. I
the first project, pure biodiesel was used in buses, trucks, an
pleasure cruisers. The RME used was obtained through oil ext
tion followed by esterification on a small-scale tractor-moun
esterification unit. The second project involved a comparat
analysis of the behavior of a number of vehicles operated on R
and SME, imported from UK and Italy, respectively. Vehicle te
ing started in mid-1996. A principal disadvantage of rape oilse
as a source of biodiesel in Ireland was its economic feasibility
it is up to 0.25 ECU/liter~about 6.6 ECU/GJ! more expensive
than its fossil-based equivalent. In Denmark, two companies p
duced non-food rapeseed oil, on a commercial basis, for exp
At present, there is no commercial production of biodiesel in D
mark. During a test, four city buses were running on biodiesel
3 months. The results were promising but not satisfactory fr
environmental point of view. The Danish National Transport P
‘‘Trafik 2000’’ mentions the use of biofuels as one out of fiv
major instruments to be used to reduce CO2 emissions from the
transport sector. However, there is no commitment for large-s
use within the government@20#. In the United States, fuel tax
assistance or other governmental aid or regulations could pr
biodiesel into a high volume, lower cost production track th
enables it to compete head-to-head with diesel fuel for a variet
applications@4#.

Vegetable Oil and Diesel Fuel: A Comparison
The ideal diesel fuel molecules are saturated non-branched

drocarbon molecules with carbon number ranging between 1
18 whereas vegetable oil molecules are triglycerides gener
with no branched chains of different lengths and different degr
of saturation. It may be noticed that vegetable oils contain a s
stantial amount of oxygen in their molecular structure. Fuel pr
erties for the combustion analysis of vegetable oils can be grou
conveniently into physical, chemical, and thermal properti
Physical properties include viscosity, density, cloud point, po
point, flash point, boiling range, freezing point, and refractive
dex. Chemical properties comprise chemical structure, acid va
saponification value, iodine value, peroxide value, hydroxyl val
acetyl value, overall heating value, ash and sulfur contents, su
and copper corrosions, water and sediment residues, oxidatio
sistance, ignitability and thermal degradation products. The th
mal properties are distillation temperature, thermal degrada
point, carbon residue, specific heating content, and ther
conductivity.
APRIL 2001, Vol. 123 Õ 441
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American society of testing methods~ASTM! has prescribed
certain tests and their limits for diesel fuel to be used in CI
gines. For any alternative fuel to be suitable for long-term eng
operation without engine modifications, it should be in conform
or within close range to these ASTM limits@21#.

The characteristics of the variety of available vegetable oils
within a fairly narrow band and are close to those of diesel
Vegetable oils have about 10 percent less heating value than
sel oil due to the oxygen content in their molecules. The kinem
viscosity is, however, several times higher than that of diesel
The high viscosity, 35–45 cSt as against about 4.0 cSt for di
oil at 40°C, leads to problems in pumping and atomization in
injection system of a diesel engine. The high carbon residue i
cated by the conradson value and high viscosity are due to
large molecular mass and chemical structure. The high car
residue is responsible for heavy smoke emission from an eng
Vegetable oils have poor volatility characteristics, prohibiti
their use in SI engines. Vegetable oils are suitable as fuels
for CI engines. The cetane number of most of the vegetable
fall in the range 35–40, which is short of the minimum ceta
number of 40 required for diesel engine fuel.

Since neat vegetable oils are not suitable as fuels for a di
engine, they have to be modified to bring their combustion-rela
properties closer to those of diesel oil. This fuel modification
mainly aimed at reducing the viscosity to get rid of flow relat
problems. The methods employed include the heating of veget
oil, thermal cracking of the highly complex vegetable oil molecu
into lighter ones, and transesterification, in which methan
ethanol substitutes glycerol, splitting the vegetable molecule
three lighter molecules. Vegetable oils have larger molecules
to four times larger than typical diesel fuel molecules. The h
molecular weights of vegetable oils result in low volatility a
compared to diesel fuel, which leads to the oils sticking to
injector or cylinder walls@4#. Oils then undergo oxidative an
thermal polymerization, causing a deposition on the injec
forming a film that continues to trap fuel and interfere with co
bustion and leads to more deposit formation, carbonization of
jector tips, ring sticking, and lubricating oil dilution and degrad
tion. The accompanying inefficient mixing with air contributes
incomplete combustion. The combination of high viscosity a
low volatility of vegetable oils causes poor cold engine start-
misfire, and ignition delay.

A host of plant and forest resources are available in the wo
from which different vegetable oils can be produced and form
lated for use in diesel engines. The present work has been ca
with such an objective, where a non-edible oil has been appro
ately modified by way of esterification and subsequently used
running the diesel engine.

Linseed oil was selected for the present investigation, as
available in large quantities and non-edible in nature. Linseed
is obtained from the dried ripe seed of the flex plant,Linum usi-
taissimum, grown in the temperate areas of the world. Its viscos
is lower than most of other vegetable oils. It has high linoleic a
content. Linoleic acid is a straight chain molecule of 18 carb
atoms @C17H29COOH# with three double bonds at 9-10, 12-1
and 15-16 carbons. Its high degree of unsaturation is respon
for the drying properties of the oil. Linseed oil has lower heati
value ~LHV ! of 39.75 MJ/kg~dry!. The comparison of the prop
erties of linseed oil and diesel oil is given in Table 1.

Engine System
Nearly all agricultural tractors, pump sets, farm machinery, a

transport vehicles have DI diesel engines. With a view of int
ducing biodiesel to such systems, it is appropriate to mention h
that if these engines run over long periods with vegetable oils
mixtures of diesel fuel with a high content of unmodified ve
etable oils, deposits get formed on several engine parts, w
442 Õ Vol. 123, APRIL 2001
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subsequently cause problems in fuel spray. Engines do not tak
high load level, even after a few hundred hours and at last,
engine fails catastrophically.

Keeping the specific features of diesel engines in mind, a ty
cal engine system widely used in the agricultural sector in de
oping countries, has been selected for the present experim
investigation. This is a single cylinder, direct injection, wate
cooled, portable diesel engine of 4 kW rating with an alterna
coupled to it. The engine was provided with suitable arran
ments, which permitted wide variation of controlling paramete
This unit, manufactured by Perry & Co., India, is a compa
portable captive 4 kW gen-set run by diesel fuel. It is widely us
mostly for agricultural purposes and in many small and medi
scale commercial purposes. This is a single cylinder, four-stro
vertical, water-cooled system having a bore of 85 mm and a str
of 110 mm. At the rated speed of 1500 rpm, the engine deve
4 kW power output in pure diesel mode. The engine can be sta
by hand cranking, using decompression lever. The engine is
vided with a centrifugal speed governor. The compression rati
16.7. The inlet valve opens 4.5 deg BTDC and closes 35.5
ABDC. The exhaust valve opens 35.5 deg BBDC and closes
deg ATDC. The test engine is directly coupled to a 220 V, sin
phase ac generator of sufficient capacity to absorb the maxim
power produced by the engine.

Esterification Process
The use of biodiesel fuel is an effective way of substituti

diesel fuel in the long run. One important conclusion that can
drawn from the work done earlier in our laboratory is that ve
etable oils as fuel cannot be used directly in the engine. Sev
problems crop up if the unmodified fuel is used and viscosity
the major offender. It has been observed that esterification
very effective way to modify the vegetable oil structure and
duce its viscosity. If vegetable oil processing costs can be redu
through increased plant capacities, it would become an econo
cally viable alternative to diesel fuel.

The formation of methyl esters by transesterification of ve
etable oils requires three moles of alcohol stoichiometrica
However, transesterification is an equilibrium reaction in whi
excess alcohol is required to drive the reaction close to com
tion. Fortunately, the equilibrium constant favors the methyl es
such that only a 5:1 molar ratio of methanol: triglyceride is su
cient for a 95 percent–98 percent yield of ester. It might be
ticipated that in such an equilibrium system, the observed ph
separation of the by-product, glycerol would play a major role
achieving conversions close to 100 percent. Various catal
were tried for the process of transesterification by several ea
researchers, e.g., magnesium and calcium oxides and carbon
basic and acidic macro-reticular organic resins, alkaline alum
phase transfer catalysts, sulfuric acid, P-toluenesulphonic a
and dehydrating agents as cocatalysts@22#. Catalysts reported to
be effective at room temperature were alkoxides and hydroxid
The chemical reaction of the transesterification process is sh

Table 1 Comparison of properties of linseed oil with diesel oil
†9‡
Transactions of the ASME
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below.

R1, R2, R3 and R4 represent various alkyl groups@23#. For
methanolysis, two distinct phases are present as the solubilit
the oil in the methanol is low. The reaction mixture was stirr
vigorously. Optimum reaction conditions for the maximum yie
of methyl esters were found to be 0.8 percent~based on weight of
oil! sodium methoxide catalyst and 67 percent excess methan
room temperature for 2.5 hours. Glycerol phase separation
very small or did not occur when less than 67 percent of
theoretical amount of methanol was used. There are some alt
tive methods available for the process of esterification. An al
native reactive substance is sodium hydroxide~NaOH!, which is
cheaper but it requires a higher reaction temperature~70°C! and
produces a useless by-product. As far as KOH is concerne
reacts at room temperature and the by-product, potassium su
can be sold as a fertilizer. Methanol is then removed by disti
tion to raise the flash point of the ester produced. All traces
methanol, KOH, free fatty acids~FFA!, chlorophyll, etc., go into
the glycerin phase. Glycerin is processed in two stages. The
stage glycerin of 90 percent–95 percent purity is further esteri
to 98 percent purity in the second stage. The transesterifica
plant requires 50 kW per ton of ester produced. Energy require
production of glycerin accounts for 60 percent–70 percent of
total energy used.

The molecular weight of linoleic acid (C17H28COOH) in lin-
seed oil molecule is 278. This is also confirmed by the CHN
analysis and infrared spectroscopy. The molecular weight
methanol (CH3OH) is 32. Linseed oil contains 9.40 percent~18:0!
saturated linoleic acid, 20.2 percent~18:1! unsaturated linoleic
acid, 12.7 percent~18:2! unsaturated linoleic acid, 53.3 perce
~18:3! unsaturated linoleic acid. Thus linseed oil contains 9
percent total linoleic acid@24#. The density of linseed oil is 0.935
and methanol is 0.80. Every liter of linseed oil requires 643 m
methanol. For esterification in laboratory, 2 liters of linseed
was heated up to 70°C in a round bottom flask. 16 g of KOH w
dissolved in 1286 ml of methanol in a separate vessel, which
poured into round bottom flask while stirring the mixture contin
ously using constant stirring mechanism. The mixture was stir
and maintained at 70°C for 1 h and then allowed to settle unde
gravity in a separating funnel. About 2.3 liter of ester separa
from 230 ml glycerol and formed the upper layer in the separa
funnel. The separated ester was mixed with 250 ml of hot wa
and allowed to settle under gravity for 24 h. The catalyst
dissolved in water, which was separated. Moisture was remo
from this purified ester using silica gel crystals. The ester was t
blended with petroleum diesel oil in various concentrations
preparing biodiesel blends to be used in CI engine for conduc
various engine tests. The level of blending, for convenience
referred as Bxx. The xx indicates the amount of biodiesel in p
centage in the blend~i.e., a B20 blend is 20 percent biodiesel a
80 percent diesel oil! @25#.

Biodiesel Characterization
Several tests were conducted to characterize biodiesel in

tion to diesel oil in order to evaluate various physical, chemic
and thermal properties such as density, API gravity, visco
Journal of Engineering for Gas Turbines and Power
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~40°C and 100°C!, flash point, pour point, aniline point, cetan
number, calorific value, etc. The results obtained are shown
Table 2.

The process of esterification brings about a drastic chang
the density of linseed oil and the LOME; i.e., neat biodiesel h
almost similar density to that of diesel. Neat biodiesel was m
cible in any proportion with that of mineral diesel oil. The opt
mized blend of biodiesel has density very close of diesel oil.

Linseed oil has a higher viscosity at 40°C compared to die
oil. This property of linseed oil makes it unsuitable for direct u
in CI engines. By converting linseed oil into its methyl esters,
viscosity comes down closer to diesel oil. The diesel oil viscos
is normally between 3 and 4 cSt at 40°C and it varies depend
upon its constituents. Thus fuel oil, which has viscosity within th
range, does not pose any handling problems to the fuel hand
systems in the existing diesel engines. Hence, no hardware m
fications are required for handling this fuel in the existing syste
The viscosity at 100°C of biodiesel also closely follows diesel o
This property makes it suitable for fuel use in the existing eng
systems.

The flash point of linseed oil was lowered after transesterifi
tion but it was still higher than diesel oil. Fuels with flash poi
above 66°C are regarded as safe. Thus, biodiesel is an extre
safe fuel to handle compared to diesel oil. Even 20 percent bio
sel blend has a flash point much above that of diesel oil, makin
a preferable choice as far as safety is concerned. Pour point
criterion used for low temperature performance of the fuels. P
point analysis results suggest that the performance of biodies
as good as diesel oil in cold surroundings.

Cetane number of biodiesel fuel was evaluated using an a
native chemical method. This method~aniline point method! was
first tested for determining the cetane number of diesel fu
whose cetane number was already known. The cetane num
evaluated by this method and the cetane number given by the
supplier matched and this established the precision of the met
Then this method was applied to determine cetane numbe
biodiesel fuel. In this method, aniline is used as a reagent to ev
ate aniline points for these fuels. Diesel index is calculated us
aniline point and API gravity. The calculated values of dies
index are given in the table. The diesel index is three units hig
than cetane number. These results reveal that biodiesel h
higher cetane number than petroleum diesel oil. Even 20 per
blend of biodiesel showed improvement in cetane number. Th
biodiesel is an attractive fuel by combustion and knocking po
of view and it can be used as a cetane point improver. Even lo
concentrations in the range of 3 percent–5 percent of biodi
blended with diesel are found to improve cetane number of die
oil by various researchers.

Benzoic acid was used as a reference fuel to determine
calorific value of biodiesel and linseed oil. The results of the te

Table 2 Various characterization properties of biodiesel and
diesel
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conducted on various fuels using Bomb calorimeter are given
Table 2. The residue left after combustion of diesel oil in t
crucible was in the form of black carbon ash pellets~charcoal like
foamy substance!. The quantity of such a foamy charcoal like a
substance was very low in case of LOME combustion. This ty
cal observation points out lesser ash content and cleaner com
tion characteristics of LOME. This fact was subsequently s
ported by the engine emission tests.

Engine Tests
A series of exhaustive engine tests were carried out on CI

gine using diesel and biodiesel blends separately as fuels at
RPM. The experimental data generated were calculated, prese
through appropriate graphs. Performance and emission test
conducted on various biodiesel blends in order to optimize
blend concentration for long term usage in CI engines. This
was carried out on an engine, which has already been subject
preliminary run-in. This test is aimed at optimizing the concent
tion of ester in the biodiesel blends to be used for long te
engine operation. To achieve this, several blends of varying c
centrations were prepared ranging from 0 percent~Neat diesel oil!
to 100 percent~Neat biodiesel! through 5 percent, 10 percent, 1
percent, 20 percent, 25 percent, 30 percent, 40 percent, 50 pe
75 percent. These blends were then subjected to performance
emission tests on the engine. The performance data was then
lyzed from the graphs recording power output, torque, spec
fuel consumption, and smoke density for all the blends of biod
sel. The optimum blend was found out from the graphs based
maximum thermal efficiency and smoke opacity consideration

The major pollutants appearing in the exhaust of a diesel en
are smoke and the oxides of nitrogen. For measuring the sm
opacity, Hartridge Exhaust smoke-meter~model No. APM 700
M!, was used. Hartridge smoke meter consists of two ident
tubes, a smoke type and a clean air tube. A pressure relieve v
allows a regulated quantity of exhaust through the smoke tu
During smoke density measurements, a light source~45-W bulb!
at one end of the smoke tube projects a light beam through sm
which at the other end falls on a photoelectric cell. Clean air tu
is used for initial zero setting. Of the light beam projected acr
a flowing stream of exhaust gases, a certain portion of ligh
absorbed or scattered by the suspended soot particles in th
haust. The remaining portion of the light falls on a photoce
generating a photoelectric current, which is a measure of sm
density. A micro-voltmeter is connected to the photoelectric c
with its scale graduated 0–100, indicating the light absorbed
Hartridge Smoke Meter unit. Zero reading corresponds to
smoke ~clean air!, whereas 100 reading refers to dense smo
which allows no light to pass through@26#.

The brake specific fuel consumption is not a very reliable
rameter to compare the two fuels as the calorific value and
density of the blend follow a slightly different trend. Hence bra
specific energy consumption is a more reliable parameter for c
parison. However this parameter is also compared in the pre
study to compare volumetric consumption of the two fuels. For
optimum biodiesel system, the blend concentration has been
termined based on the following performance and emiss
related parameters.

Maximum thermal efficiency at all loads
Minimum brake specific energy consumption
Better smoke opacity values
Lower frictional horsepower

Based on these parameters, the curves were compared to bas
diesel curve in two separate groups in order to optimize bl
concentration. In the first group, lower concentrations up to
percent were compared with that of diesel oil and in the sec
group, higher concentrations from 30 percent to 100 percent w
compared to that of base-line data.
444 Õ Vol. 123, APRIL 2001
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Comparison for Lower Blend Concentrations
The various characteristic curves for lower concentrations

biodiesel blend are compared in Figs. 1–4.

Comparison for Higher Concentration Blends
The various characteristic curves for higher concentrations

biodiesel blend are compared in Figs. 5–8.
The trend of the thermal efficiency curves~Fig. 1 and Fig. 5!

has generally improved by mixing biodiesel in mineral diesel o
The thermal efficiency of the engine is found to improve by
creasing concentration of biodiesel in the blend. The possible
sons may be more complete combustion, and additional lubri
of biodiesel hence, with increasing amount of biodiesel, the f
tional horsepower losses in the engine follow a declining tre
Additional experiments were conducted to determine the ad
tional lubricity aspect of biodiesel fuels. A series of experime
were conducted to compare lubricity of various concentrations
LOME in biodiesel blends. These long duration non-engine te
were conducted employing reciprocating motion in SRV optim
wear tester in order to evaluate the coefficient of friction, spec

Fig. 1 Comparison of thermal efficiency vs. BMEP curves for
lower concentrations of biodiesel

Fig. 2 Comparison of BSFC vs. BMEP curves for lower con-
centrations of biodiesel blend
Transactions of the ASME
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wear rates etc. The extent of the damage, coefficient of fric
and specific wear rates were found to decrease with increas
percentages of LOME in the biodiesel blend@27#. These tests on
SRV optimol wear tester for quantification of lubricity reflecte
that the biodiesel lubricating fluids show lower coefficient of fri
tion hence lower frictional losses in diesel engines.

This reduction in frictional losses is also reflected by the
creasing trend followed by unaccounted losses, which can be
ticed from the heat balance sheets for various concentrations.
energy saved by decrease in frictional horse-power makes a
tional contributions towards useful energy, cooling losses,
exhaust losses. This reflects in increased thermal efficiency, c
ing losses and exhaust losses. It is evident from the graph
exhaust temperature vs. BMEP~Fig. 4 and Fig. 8! that the exhaust
gas temperature is also increasing along with thermal efficienc
a function of blend concentration initially. Smoke opacity f
biodiesel blends~Fig. 3 and Fig. 7! is also noticed to be generall
lower than that of diesel oil. It also repeats the trend followed
thermal efficiency curves. There are two main reasons: the hig

Fig. 3 Comparison of smoke opacity vs. BMEP curves for
lower concentrations of biodiesel blend

Fig. 4 Comparison of exhaust temperatures vs. BMEP curves
for lower concentrations of biodiesel
Journal of Engineering for Gas Turbines and Power
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thermal efficiency means, better and complete combustion
lesser amount of unburned hydrocarbons in the engine exh
thus improving smoke opacity values.

The molecule of biodiesel, i.e., LOME, contains some amo
of oxygen that takes part in combustion and this may be a poss
reason for more complete combustion. The oxygen molec
present in biodiesel molecular structure may be readily availa
for oxygen. However, it was noticed that after a certain limit
biodiesel concentration, the thermal efficiency trend is rever
and it starts decreasing. This behavior of biodiesel fuel ne
advanced investigations.

An important observation is that all the blends have a hig
thermal efficiency than the baseline data of diesel fuel. A gra
between the concentration of ester blend and improvement in p
thermal efficiency for various concentrations of biodiesel blend
plotted in Fig. 9.

This graph reflects that ester blend with concentration of
percent gave maximum improvement in peak thermal efficien
These observations were taken six times and there was hardly
difference in the values of the performance and emission par
eters calculated. However, in order to minimize any experime
inaccuracies that might have got in, the average of the six read

Fig. 5 Comparison of thermal efficiency vs. BMEP curves for
higher concentrations of biodiesel blend

Fig. 6 Comparison of BSFC vs. BMEP curves for higher con-
centration of biodiesel blend
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Fig. 7 Comparison of smoke opacity vs. BMEP curves for
higher concentrations of biodiesel blend

Fig. 8 Comparison of smoke temperature vs. BMEP curves for
higher concentrations of biodiesel blend

Fig. 9 Improvement in peak thermal efficiency vs. concentra-
tion of biodiesel blend curve
446 Õ Vol. 123, APRIL 2001
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were used for calculations. This blend of 20 percent also g
minimum brake specific energy consumption and minimu
smoke opacity. Hence this blend was selected as the optim
blend for further investigations and long-term engine operatio
Long-term endurance test was conducted with 20 percent bio
sel blend and diesel oil on two similar engines. For diesel fuel,
most important pollutants are smoke and NOx hence the optimum
biodiesel concentration is also subjected to evaluation of Nx
emissions.

From the NOx curves given in Fig. 10, two important observ
tions were made. First, NOx emissions are a direct function o
engine loading. This is expected because with increasing load
temperature of the combustion chamber increases and NOx forma-
tion is a strongly temperature dependent phenomenon. Se
important observation is that the NOx emissions in the case o
biodiesel fuel are higher by approximately 5 percent. These hig
NOx emissions may be due to higher temperatures of the com
tion chamber using biodiesel. This is also evident from high
exhaust temperatures from the biodiesel-fueled engine.

The NOx emissions from B20 fueled diesel engines were fou
to be 2 percent higher than conventional diesel oil according
report on biodiesel from National Biodiesel Board of US@1#. In
our study, 20 percent biodiesel blend gave 5 percent higher Nx
emissions. This difference may be because of difference in en
geometry and compression ratio. The B20 is also reported to
vide additional lubricity compared to conventional fuels and de
onstrate similar fuel consumption, horsepower and torque,
petroleum fuel @1#. The present study also demonstrat
similar results and is in full agreement with the findings of the
researchers.

The long-term endurance test for constant speed engines
performed after the performance tests were carried out as sp
fied in the Indian Standard Code ‘‘IS: 10000, part VIII-1980
‘‘Methods of tests for internal combustion engines: Part VIII Pe
formance tests.’’ After the completion of performance tests, t
similar engines were operated using two different fuels for
cycles~each of 16 h continuous running! at rated speed. The tes
cycle followed is specified in the Table 3@25#.

At the end of each 16-h cycle, both the engines were stop
for necessary servicing, and minor adjustments were carried o
accordance with the manufacturer’s schedule, e.g., tappet sett

Fig. 10 Concentration of oxides of nitrogen vs. BMEP

Table 3 Test cycle for long-term endurance test
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and make up oil addition. The amounts of make up oil used du
the test were used to establish the lubricating oil consump
rate. The lubricating oil samples were collected from the engi
after every 128 h for conducting various tribological studies.

The long-term endurance test suggested that biodiesel fuel
not have any adverse effect on wear of various vital moving p
of the engine. The problems which were present in long te
operation of using unmodified vegetable oils as fuel such as
jector coking, lube oil dilution, carbon deposits on piston, ri
sticking, fuel pump failure, catastrophic failure of the engine w
found to have been completely eliminated.

The pure LOME cost 50 percent higher than diesel oil in In
hence 20 percent biodiesel blend costs about 10 percent m
expensive. This work is carried out only on linseed oil but th
work can be extended to a host of vegetable oil available fr
agricultural and forest resources.

Conclusions
Based on the exhaustive engine tests, it can be concluded

biodiesel can be adopted as an alternative fuel for the exis
conventional diesel engines without any major modifications
quired in the system hardware.

Esterification is a process, which brings about a change in
molecular structure of the vegetable oil molecules, thus bring
down the levels of viscosity and unsaturation of vegetable o
The viscosity of vegetable oil reduces substantially after este
cation. The density and viscosity of the linseed oil methyl es
formed after esterification were found to be very close to pe
leum diesel oil. The flash point of LOME was higher than that
diesel oil. The 20 percent biodiesel blend also demonstrated c
paratively higher flash point than petroleum diesel oil and was
range of ‘safe fuel’. The cetane number for the neat diesel
obtained by this method is 50 and cetane number of LOME w
52. A 20 percent blending of LOME with diesel oil improved th
cetane number of diesel oil. Lower concentrations of LOME
biodiesel blends can be used as a cetane improver. The cal
value of LOME was found to be slightly lower than petroleu
diesel oil. All these tests for characterization of biodiesel oil de
onstrated that almost all the important properties of biodiesel
in very close agreement with the diesel oil making it a poten
candidate for the application in compression ignition engines
partial replacement of diesel fuel.

A diesel engine can perform satisfactorily on biodiesel fu
without any engine hardware modifications. Long-term endura
test using biodiesel proved that biodiesel can be used for su
tuting mineral diesel oil in long run. The 20 percent biodies
blend was found to be the optimum concentration for biodie
blend, which improved the thermal efficiency of the engine by
percent, reduced the exhaust emissions and the brake specifi
ergy consumption. Smoke emissions also reduced appreci
The higher the concentration of biodiesel blend, higher was
reduction in exhaust smoke levels. Exhaust temperatures
creased as a function of the concentration of biodiesel blend,
higher the percentage of LOME; higher were the exhaust temp
tures. Increase in the exhaust temperature of a biodiesel-fu
engine led to approximately 5 percent increase in NOx emissions
for 20 percent biodiesel blend. This is so because NOx formation
is a highly temperature dependent phenomenon.

Esterification has been found to be an effective technique
prevent some long-term problems associated with utilization
vegetable oils such as fuel filter plugging, injector coking, form
tion of carbon deposits in combustion chamber, ring sticking,
contamination of lubricating oils. The carbon deposits on pis
top and injector coking substantially reduced in biodiesel-fue
system. The performance of biodiesel-fueled engine was mar
Journal of Engineering for Gas Turbines and Power
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ally better than the diesel-fueled engine in terms of thermal e
ciency, brake specific energy consumption, smoke opacity, w
of vital components, and exhaust emissions for entire range
operations. It was conclusively proved that self-lubricity
LOME in biodiesel played a key role in engine performanc
Biodiesel is proved to be a potential candidate for partial sub
tute of mineral diesel oil.
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