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Abstract

This study explored the ternary blends of biodiesel-diesel-n-butanol and biodiesel-diesel-n-octanol on common rail direct injec-
tion (CRDI) diesel engines. The compositions of fuels, which varied from 0% to 100%, were altered by up to 5%. On the basis
of their properties, these blends were chosen, with various concentrations of alcohol at 5% and 10%, 5% diesel, and the remainder
being biodiesel. Two ternary fuel blends of waste cooking oil biodiesel (90—85%), diesel (5%), and butanol (5—10%), namely
BD90D5B5 and BD85D5B10, and subsequently, another two ternary similar blends of waste cooking oil biodiesel (90—85%),
diesel (5%), and octanol (5-10%), namely BD90D505 and BD85D5010, were used to conduct the experiments. The experiments
were done with varying injection pressure from 17° to 29° crank angle (CA) before top dead centre (bTDC). The optimum con-
dition for the blends is achieved at 26°CA bTDC for 80% loading. So, the engine trials were conducted on 26°CA bTDC to attain
the results. The BD90D5010 blend achieved the lowest brake specific fuel consumption (BSFC) reading of 0.308 kg/kWh while
operating at full load. The maximum brake thermal efficiency (BTE) was 31.46% for BD90D5B5. The maximum heat release
rate (HRR) achieved with BD85D505 fuel blend was 58.54 J/°CA. The quantity of carbon monoxide that BD85D5B10 created
was the lowest (25.86 g/kwh). BD85D5B10 had a minimal unburned hydrocarbon emission of 0.157 g/kWh while operating at
full load. Oxides of nitrogen (NOy) were emitted in the maximum quantity by BD85D5010, which was equal to 6.01 g/kwh.
This study establishes the viability of blends of biodiesel and alcohol as an alternative for petro-diesel in the future to meet the
growing global energy demand.
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1. Introduction king havoc on the environment [1]. The goal is to switch to re-
newable energy sources and abandon fossil fuels to slow down

The increasing need for energy is closely related to the expan-
sion of the human population. The need for energy has been sa-
tiated by petrochemicals and other products derived from petro-
leum. However, the world economy’s utter reliance on fossil
fuels is hastening the exhaustion of these resources and wreak-

global warming [2]. Biodiesel, solar, wind, and tidal energy are
popular alternatives. The most financially sound and ecologi-
cally responsible option currently available is biodiesel. It is
made up of lipids derived from both plants and animals [3].
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Nomenclature

Abbreviations and Acronyms

aTDC - after top dead centre

ASTM — American Society for Testing and Materials
bTDC - before top dead centre

BD85D5B10 — biodiesel (85%) + diesel (5%) + butanol (10%)
BD85D5010 - biodiesel (85%) + diesel (5%) + octanol (10%)
BD90D5B5 - biodiesel (90%) + diesel (5%) + butanol (5%)
BD90D505 - biodiesel (90%) + diesel (5%) + octanol (5%)

BMEP - brake mean effective pressure
BSFC - brake specific fuel consumption

Biodiesel's high manufacturing cost prevents commerciali-
zation. 70%-85% of biodiesel production costs are raw ingredi-
ents. Atabani et al. [4] observed that biodiesel production from
waste cooking oil (WCO) can mitigate human activities' nega-
tive environmental effects. WCO must first be processed before
being released into the environment for disposal. However, the
cost of such pre-treatment is significant, leading to waste dump-
ing directly into landfills. Correspondingly, Guarieiro et al. [5]
reported that the US generated 10 million tonnes of soybean-
derived waste cooking oil and China 4.5 million tonnes.

However, Suhaimi et al. [6] showed that biodiesel has some
mechanical issues while operating on diesel engines, due to its
low calorific value, high viscosity, and pour point. Alcohols and
cold flow improvers have been tested to improve biodiesel qual-
ity [7]. Ramalingam et al. [8] showed that ethanol may increase
chemical qualities. However, ethanol also changes other basic
physico-chemical properties. Consequently, it develops a chal-
lenge to formulate an appropriate mixture that may effectively
replace traditional diesel in diesel engines.

The disadvantage of lower alcohols, as Rosa [9] demon-
strated, is that they are less solubilized and less miscible with
diesel, and they are also more prone to separate at low tempera-
tures. In a similar vein, Li et al. [10] found that carbon-rich al-
cohols would be used as a resource owing to the attributes that
they possess in terms of both their thermal and physico-chemical
properties. Cardoso et al. [11] reported significant cetane num-
bers for higher alcohols, easily miscible to diesel. Due to the
positive stimulus of exhaust emissions, butanol has been re-
cently accepted as a fuel additive in CI engines, according to
Kumar et al. [12].

The diesel-1-pentanol combination was studied by Yesilyurt
etal. [13] ina Cl engine utilizing a range of blending ratios rang-
ing from 10 to 25%. The blending ratios were presented in a
diesel engine. It has been found that diesel engines can run on a
mixture of diesel and pentanol, that is 75% pentanol and 25%
diesel. This mixture may be used as a fuel. Kumar et al. [14]
studied diesel engine performance and emissions using diesel-
n-butanol binary mixes. The experimental study suggests diesel-
butanol mixes might power the next generation engines in the
near future. According to research conducted by Izzudin et al.
[15], the ternary mixes of diesel, n-butanol and biodiesel were
enhanced to reach higher performance levels while simultane-
ously reducing emissions. Diesel at a volumetric percentage of
65.5%, n-butanol at a volumetric concentration of 23.1%, and

BTE - brake thermal efficiency

Cl — compression ignition

CN  —cetane number

CO  —carbon monoxide

CO2 —carbon dioxide

CRDI — common rail direct injection
UHC - unburnt hydrocarbon

HRR - heat release rate

ISO - International Organization for Standardization
NOx  — oxides of nitrogen

ppm  — parts per million

WCO - waste cooking oil

cotton seed oil at a volumetric concentration of 11.4% were de-
termined to be the optimal concentrations. This occurs although
the brakes use more fuel overall. When the matching mixes are
employed, there is a significant reduction in the emissions of ni-
tric oxide, carbon monoxide, and unburned hydrocarbons; the
percentages of each are 11.33%, 45.17%, and 81.45%, respec-
tively.

Charoensaeng et al. [16] investigated the use of mixtures of
diesel, palm oil and n-butanol as an alternative fuel for diesel
engines. In ternary blends, increasing the amount of butanol de-
creased NOyx, CO, CO, and smoke emissions while increasing
unburned hydrocarbon (UHC) emissions and brake thermal ef-
ficiency.

The prominence of fine-tuning injection timing has in-
creased due to recent advancements in alternative fuels, includ-
ing biodiesel derived from renewable sources such as vegetable
oils and animal fats, as well as higher alcohols like butanol and
pentanol. Recent studies have demonstrated that the advance-
ment of injection timing using biodiesel, due to its elevated ce-
tane number, has the potential to improve thermal efficiency and
mitigate the release of nitrogen oxides (NOy) emissions. On the
contrary, the adjustment of injection timing in a retarded manner
may be deemed important in order to mitigate the occurrence of
knock and effectively tackle premature combustion challenges.
Furthermore, it has been observed in several studies, such as
those conducted by Yan et al. [17] and Zhang et al. [18], that
advancing the injection timing can enhance combustion effi-
ciency and reduce particle emissions for higher alcohols.

The analysis of relevant material discussed earlier illustrates
the relevance of biodiesel concerning the fulfilment of current
fuel requirements. In addition to this, it discusses the advantages
and disadvantages of using used cooking oil as a feedstock to
create biodiesel. Research on diesel, biodiesel and higher alco-
hol blends in ClI engines promotes alcohol use. Higher alcohols
have a higher calorific value, cetane number, and diesel and bi-
odiesel miscibility. The efficient use of biodiesel will reduce the
amount of diesel needed. This study investigates the feasibility
of using ternary blends of biodiesel, diesel and n-butanol or bi-
odiesel, diesel and octanol in common rail direct-injection diesel
engines with varying injection parameters that must be updated.

2. Materials and methods

Used cooking oil was the source material for the synthesis of
biodiesel in this particular investigation. It was offered at vari-
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ous restaurants in and around Srinagar in Jammu & Kashmir,
India. The transesterification process synthesized methyl ester
at the Renewable Energy and Alternative Fuel Lab of the Na-
tional Institute of Technology in Srinagar, in Jammu & Kashmir.
For a chemical reaction, potassium hydroxide and methanol
were used, first as a catalyst and then, as a solvent. The follow-
ing reaction parameters were used to achieve a biodiesel yield
of 95.4%: a temperature of 60°C, a reaction period of
120 minutes, a molar ratio of 6:1, a catalyst concentration of
1.5%, and a stirrer speed of 1050 revolutions per minute. The
biodiesel met all of the requirements outlined in the ASTM
D6751 standard, including its colour, physical features and
chemical properties. The properties of diesel, WCO and bio-
diesel are compared and contrasted in Table 1.

Biodiesel has a high viscosity, but its calorific value is rela-
tively low. On the other hand, its cetane number is relatively
high. The quantity of energy required to pump gasoline is in-
creased as the viscosity of the fuel is increased since this results
in less fuel being atomized during the spraying process. Alco-
hols and biodiesel were mixed to provide a solution to these
problems. The incorporation of n-butanol and n-octanol into bi-
odiesel helped to enhance its kinematic viscosity, as well as its
cloud and pour points, and its density. In order to establish a
composition that was consistent throughout, many different
amounts of biodiesel-diesel-n-butanol and biodiesel-diesel-n-

octanol were combined in a flask with a circular bottom using a
magnetic stirrer. Between 0 and 100% of the total fuel, the pro-
portion of each fuel was adjusted in 5% increments. A stability
test lasting for four weeks was carried out on each combination
while the circumstances remained the same. Because the other
blends exhibited constraints such as a lower flash and fire point,
miscibility, and calorific value, tests were conducted further for
property characterization on blends that contained more than
85% biodiesel, 5% diesel, and 10% n-butanol. These blends met
the criteria for selection.

The same behaviour was seen throughout various concentra-
tions of biodiesel, diesel and n-octanol mixtures. Because the
other blends exhibited limitations, including a lower flash and
fire point, miscibility and calorific value, blends that contained
85% biodiesel, 5% diesel and 10% n-octanol were chosen for
further property characterization. Blends with n-octanol content
of more than 20% have flash and ignition temperatures lower
than 32°C. As a consequence of this, the use of n-octanol com-
binations that have a higher concentration is very hazardous.
Nomenclature for the test fuel blends is given in Table 2.

The fuel properties of biodiesel-diesel-n-butanol and bio-
diesel-diesel-n-octanol blends were used to choose the blends
BD90D5B5, BD85D5B10, BD90D505 and BD85D5010.
These blends may be found in Table 3.

Table 1. Physico-chemical properties of diesel, waste cooking oil, and biodiesel.

Property Diesel wco Biodiesel Limits ASTM Standards
Density [kg/m?] at 15°C 828 916.7 876 860-890 D1298
Kinematic viscosity [cSt] at 40°C 2.39 42.53 4.76 1.9-6.0 D445
Flash point [°C] 60 327 120 60-190 D93
Fire point [°C] 54 332 160 - D93
Cloud point [°C] 0 14 5 - D2500
Calorific value [MJ/kg] 42 38.9 39.6 - D1826
Table 2. Nomenclature of test fuel blends used.
Fuel % of Biodiesel % of Diesel % of n-Butanol % of n-Octanol
Biodiesel 100 - - -
Diesel - 100 - -
BD90D5B5 90 5 5 -
BD85D5B10 85 5 10 -
BD90D505 90 5 ° 5
BD85D5010 85 5 - 10
Table 3. Biodiesel, diesel, n-butanol, n-octanol, and biodiesel blends fuel characteristics.
Fuel Biodiesel Diesel n-Butanol n-Octanol BD90D5B5 BD85D5B10 BD90D505 BD85D5010
Density [kg/m?3] 876 828 815 821 862.15 859.55 862.45 860.15
Kinematic viscosity [cSt] 4.76 2.39 2.89 5.32 3.6 2.55 3.8 4.07
Flash point [°C] 120 60 49 63 65 54 75 67
Cloud point [°C] 5 0 -32 -27 -2 -4 -2 -3
Pour point [°C] -7 -15 -38 -32 -6 =L =5 —6
Calorific value [MJ/kg] 39.6 42 34.65 37.1 40.21 40.05 40.44 40.15

111



Singh A.K., Pali H.S., Khan M.M.

3. Experimental setup and measurements

A 5.2 kW air cooled and common rail direct injection (CRDI)
engine was operated at 1500 rpm, the injection pressure was
set to 220 bar, and the injection time was varied from
17°t0 29°CA bTDC. The engine's specifications are provided in
Table 4. The engine's configuration is shown pictorially in Fig.
1. A differential air flow sensor is used to get the readings for
the air velocity. Pressure is meticulously captured using piezoe-
lectric sensors, synchronized with a crankshaft encoder. The
sensors provide data at every 0.5°CA increment of crankshaft
rotation, and this process is repeated for 100 cycles. To measure
the flow of fuel, a regular burette was used. An eddy current
dynamometer was coupled to the test engine to load the engine.
The establishment of emissions present in the air was by using
the AVL Digas analyzer. AVL smoke meter was used to deter-
mine the smoke opacity.

Table 4. Specification of Engine test rig.

Make & Model
No. of strokes

KIRLOSKAR AV1
Four stroke

Bore x stroke 80 mm x 110 mm

Injection pressure 220 bar
Volume 661 cc
Compression ratio 16.5:1
Rated power 5.2 kW
Rated speed 1500 rpm

Dynamometer

Description Specifications
Working principle Eddy current
Arm length 185 mm
Speed 1200-2200
Power capacity 10 kw

During the tests, a string of one hundred cycles was continuously
recorded. Then those data were fed into software to calculate the
combustion parameter. The experiment used the 1SO 8178 test
cycles and mode number D2 as its guidelines. In order to guar-
antee the accuracy of the results, the measurements were carried

Iligh-prmsureO
Central Fuel pump '\
Control
System T
Ly
Loood 1 2
Crankshaft [ N =

Angle [e==== L S Common
adapter Charge rail system

Flowmeter

1
1
1
1
1
1
! Voltage

: Stabilizer

Eddy Current
Dynamometer

Engine

Fig. 1. Engine setup schematic diagram.

out three times, and the analysis was carried out using an aver-
age of the results from all three attempts.

4. Results and discussion

Experiments were performed at the varying injection parameters
from 17° to 29°CA bTDC for obtained test fuel blends and op-
timized parameters were found at 26°CA bTDC. Results are
shown for the varying injection parameters with test fuel blends
at 80% load, i.e. 5.2 bar and with varying load at 26°CA bTDC
in the following sub-sections concerned with the engine perfor-
mance, combustion and emissions.

4.1. Performance characteristics

4.1.1. Brake specific fuel consumption (BSFC)

Figure 2 illustrates the correlation between BSFC with injection
timing and brake mean effective pressure (BMEP). BSFC indi-
cates how efficiently engines convert fuel energy into useful
work. As illustrated in Fig. 2(a), for biodiesel alcohol blends,
the best BSFC is attained at retarded injection timing
(26°CA bTDC) at 80% load whereas diesel gives the best results
at 23°CA bTDC. Figure 2(b) illustrates the variation of BSFC
for 26°CA bTDC. BSFC drops as the load on the engine in-
creases from 0 to 100. The BSFC is higher at light loads but
drops as the strain on the engine rises. The lowest specific fuel
consumption for ternary blends is 0.292 kg/kwh for

80% Load (5.2 bar)
u Diesel u Biodiesel BD90DSBS
0.35 uBD8SDSB10  mBDY0DS0S BD85D5010

0.3

§ 0.25
]

) 0.2
<

o015
=

Z o1

0.05

0

-17 220 223 -26 -29
Injection Timing (°CA)
(a)
26°CAbTDC
u Diesel = Biodiesel BD90D3BS
07 u BD85D5B10 » BD90D50S5 BD85D5010

z
z
=
W
&
)
=
7]
&

0.7 22 36 52 65
BMEP (bar)

(b)
Fig. 2. Variation of BSFC with injection timing and BMEP.
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BD90D5010, which is 8.5% higher than diesel consumption but
5.1% lower than that of the BD85D5B10 mix. The BD85D5B10
blend uses the largest amount of fuel among all the ternary
blends, at 0.308 kg/kWh. This is primarily because of the lower
calorific value and higher viscosity of the blends. Because it has
a lower calorific value than other fuels, biodiesel has the highest
BSFC at 0.36 kg/kWh [19].

4.1.2. Brake thermal efficiency (BTE)

The relation between BTE with injection timing and brake mean
effective pressure (BMEP) for a variety of combinations is seen
in Fig. 3. In a diesel engine that uses compression ignition, BTE
is established by the ratio of fuel to air, the compression ratio,
the fuel's characteristics, and the fuel's combustion [20,21]. Fig-
ure 3(a) gives the variation of BTE with injection timing. It is
found that diesel has the highest value 0f 32.2% at 23°CA bTDC
for 80% load, while biodiesel blends have a peak BTE of
31.46% for BD9OD5BS at 26°CA bTDC. This is because blends
of biodiesel, diesel and alcohol have a higher calorific value and
low cetane number which allows for delayed combustion as
compared to that of biodiesel alone [22]. Figure 3(b) depicts the
variation of BTE at 26°CA bTDC for all fuel blends at varying
load. BD90D5B5 had the highest BTE at 31.46%, which is
1.08% greater than that of biodiesel and 0.9% lower than that of
diesel. Because of its higher viscosity and lowered calorific

80% Load (5.2 bar)
o Diesel u Biodiesel BDY0DSBS
35.00 , =BD85D5B10 = BD90DS05 BD85D5010
30.00
25.00
£ 2000
E 1500
2
10.00
5.00
0.00
-17 =20 -23 -26 29
Injection Timing (°CA)
(a)
26°CAbTDC
# Diesel 1 Biodiesel BDYODSBS
u BDSSDSB10 w BD90DS0S BD85D5010
30.00
25.00
£ 2000
E 15.00
10.00
5.00
0.00
0.7 22 3.6 52 6.5
BMEP (bar)
(b)

Fig. 3. Brake thermal efficiency variation
with injection timing and BMEP.

value, BTE for biodiesel is shown to have a lower value. At full
load, the biodiesel-diesel-alcohol mix BD85D5B10 had the low-
est thermal efficiency at the brakes at 28.15%. This is because
biodiesel, diesel and n-octanol blends have a lower heating value
but a more significant latent heat content than pure diesel or bi-
odiesel alone [23].

4.2. Combustion characteristics

4.2.1. In-cylinder pressure

Figure 4 depicts the variation in peak pressure of the cylinder
gas as a function of BMEP at 26°CA bTDC for mixtures of bio-
diesel, diesel and alcohol. The rise of in-cylinder gas pressure is
directly proportional to the fuel used during the premixed com-
bustion process. Because it has a higher cetane number than die-
sel, biodiesel has a shorter ignition delay than diesel. Because of
the increased fuel evaporation rate, a high cetane number results
in a shorter ignition delay time. Combustion using premixed air
and fuel uses less fuel than combustion using diesel. When there
is a decrease in cetane number (CN) for increased concentration
of alcohols, the peak pressure of biodiesel goes down, while the
peak pressure of the alcohol blend goes up [24]. In compa-
rison to the other biodiesel-diesel-alcohol combinations, the fuel
BD85D5010 has the highest cylinder gas pressure at
2°CA aTDC when it is loaded to its maximum capacity. This
pressure is the one that is most analogous to the diesel cylinder
pressure. Subsequently, similar test fuels may be created; the
longer the ignition delay the higher the gas pressure would be
produced. Similar conclusion has been report by Gainey et al.
[25].

26°CAbTDC
= Diesel = Biodiesel BD90D5B5
__ 68 | ®BDSSDSB10 = BD90D505 BD85D5010
é 66
z 64
5 62
g 60
-9
% S8
s 56
= 54
52
50
48
0.7 22 3.6 5.2 6.5

BMEP (bar)

Fig. 4. Variation of in-cylinder peak pressure.

4.2.2. Heat release rate (HRR)

The heat release rate while operating under full load at
26°CA bTDC is shown in Fig. 5. The phases of combustion are
called "premixed combustion"”, "controlled combustion" and
"late combustion”, respectively. During the ignition delay pe-
riod, a negative slope is produced as a result of the cooling effect
induced by fuel evaporation. When loaded to its maximum
capacity, the BD90D505 blend has a heat release rate of
58.54 J/°CA. Because of its higher viscosity, lower rate of va-
porization, larger molecular weight and slower burning velocity,
biodiesel has a lower heat release rate than diesel. The biodiesel,
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diesel and alcohol blends possess higher heat release rates com-
parable to diesel's heat release rate of 54.91 J/°CA. This is be-
cause a longer delay between ignition and combustion leads to
a higher fuel deposit. When compared to biodiesel, blends of bi-
odiesel and diesel with alcohol have a superior fuel-air combi-
nation, which results in a higher quantity of heat release [26].

4.2.3. Ignition delay

The ignition delay plays a role in the behaviour of the combus-
tion process. The viscosity and density of the fuel govern the
length of the physical delay. In contrast, the duration of the
chemical delay is determined by the temperature and pressure of
the combustion chamber, in addition to the swirl ratio and
fuel properties [27]. The ignition delay of the test fuels at
26°CA bTDC is shown in Fig. 6. When increasing the load from
0% to 100%, the duration of the ignition delay drops to a lower
value. All of the tested fuels had a shorter ignition delay ob-
served when the load on the engine was low. This was because
the temperature of the cylinder wall and the temperature of the
residual gas were both lower, which caused the delay to last
longer. The most considerable delay period for BD85D5B10
and BD85D5010 blends was 13.7°CA and 13.95°CA, respec-
tively, when the load was at its maximum capacity of 100%.
This is comparable to the ignition delay in diesel engines. The
ignition delay of biodiesel-diesel-n-butanol and biodiesel-die-
sel-n-octanol blends is longer than that of biodiesel alone. This
is because both of these blends have a lower cetane number and
a higher latent heat of vaporization [24].

26°CA bTDC at 6.5 bar

—— Diesel —— BD%0DSBS ——BDS5D5SB10

——BD90D505 ——BDS5D5010

Biodiesel

Heat Release Rate (J/°CA)
w
(=)

A I A S =
F e s mEm s smm&: s

Fig. 5. Variation of heat release rate with crank angle

at IT 26°CA bTDC.
26°CAbTDC
= Diesel = Biodiesel BD90DSBS
148 = BDSSD5B10 = BD90D505 BD85D5010
2 146
& 144
F 142
]
S 14
=
£ 138
5136
134
13.2
13
0.7 2.2 3.6 5.2 6.5

BMEP (bar)

Fig. 6. Variation in ignition delay with BMEP.

4.3. Emission characteristics
4.3.1. Carbon monoxide (CO)

The variation in carbon monoxide (CO) emissions caused by
combinations of biodiesel, diesel and alcohol is seen in Fig. 7.
A rich fuel-air ratio and low oxygen content of blends increases
the amount of carbon monoxide emissions. To reduce CO emis-
sions, air must be heated [28]. Figure 7(a) shows that CO emis-
sions of test fuel blends have been found lesser at 26°CA bTDC
while diesel has lesser emissions at 23°CA bTDC. Biodiesel has
more time to mix with air, leading to a more complete and con-
trolled combustion process, which can further reduce CO emis-
sions. Diesel has more CO emissions than biodiesel and ternary
blends of biodiesel-diesel-alcohol at retarded injection timing.
Figure 7(b) shows that the BD85D5B10 blend has the lowest
CO emission rate of 25.86 g/kWh at full load condition at re-
tarded injection timing of 26°CA bTDC, this rate is 36% lower
than that of diesel. Because both biodiesel and alcohol fuels in-
clude oxygen as part of their chemical structure, they need less
oxygen to complete the burning process. When more alcohol is
added to mixtures of biodiesel, diesel and alcohol, CO emissions
are reduced [29]. Because n-butanol fuel has a more considera-
ble oxygen content than n-octanol fuel, biodiesel-diesel-n-buta-
nol blends release less CO than biodiesel-diesel-n-octanol
blends.

80% Load (5.2 bar)

» Diesel ® Biodiesel BD90DSBS
» BD85D5B10 » BD90D305 BD85D5010
16
14
12
Z10
*
w8
C 6
o~
4
2
0
-17 -20 -23 -26 -29
Injection Timing (°CA)
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u Diesel u Biodiesel BD90D3BS
" = BD85D5B10 = BD90D505 BD85D5010
40
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5
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0.7 22 3.6 5.2 6.5
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(b)

Fig. 7. Variation of carbon monoxide
with injection timing and BMEP.
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4.3.2. Unburnt hydrocarbons (HC)

When determining the overall quality of the combustion, hydro-
carbon emissions are a crucial factor. The variation in the
amount of unburned hydrocarbon emissions is seen in Fig. 8.
When compared to diesel and biodiesel, biodiesel-diesel-alcohol
combinations release less HC. Figure 8(a) has given best results
for HC emissions at 26°CA bTDC, while diesel is characterized
by lower HC emission at 23°CA bTDC. By delaying injection,
biodiesel blends have more time to mix with air, leading to a
more controlled and complete combustion process, which can
further reduce HC emissions. Retarding injection further results
in higher release of HC emissions. When operating at full capac-
ity at 26°CA bTDC, Figure 8(b) shows that the BD85D5B10
engine has the lowest emissions. The unburned hydrocarbon
content of BD85D5B10 is 0.157 g/kWh, which is 23.4% lower
than that of diesel and 20.3% lower than that of biodiesel. The
proportion of oxygen in biodiesel, diesel and alcohol blends di-
rectly correlates to the amount of emitted unburned hydrocar-
bons [30].
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&
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=
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Fig. 8. Unburnt hydrocarbon variation
with injection timing and BMEP.

4.3.3. Oxides of nitrogen (NO,)

The oxygen content, in-cylinder temperature and residence du-
ration are the three factors contributing to NOx generation [31].
The impact that combinations of biodiesel, diesel and alcohol

have on the emissions of NOy is seen in Fig. 9. Figure 9(a) de-
picts variation of NOx with varying injection timing. NOx emis-
sions increase for retarded injection timing due to the fact that
retarded injection period can result in better combustion for bi-
odiesel alcohol blends, leading to the formation of higher tem-
perature combustion resulting in higher NOy emissions at
29°CA bTDC. Figure 9(b) shows that NOx emissions are lower
for biodiesel-diesel-alcohol blends and for biodiesel than for
diesel fuel at lower loads while higher at full load. The
BD85D5010 blend has a maximum NOy emission of
6.01 g/kWh while operating under full load, which is 6.8%
higher when compared to diesel at 26°CA bTDC. Because of
their higher latent heat of vaporization and lower calorific value,
n-butanol and n-octanol blends have a higher combustion tem-
perature and generate more nitrogen oxide [24]. At full load, bi-
odiesel's NOx output is 5.45 g/kWh.
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Fig. 9. Variation of oxides of nitrogen
with injection timing and BMEP.

4.3.4. Smoke opacity

The range of smoke opacities produced by fuel blends is seen in
Fig. 10. Figure 10(a) exhibits variation of smoke opacity per-
centage with various injection timing at 80% load. It shows that
biodiesel-diesel-alcohol combinations yield lower smoke opac-
ity than diesel at 26°CA bTDC. Because ester groups are pre-
sent, biodiesel has oxygen molecules as part of its chemical
makeup. This oxygen speeds up and promotes more thorough
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combustion of biodiesel, which would lessen the production of
smoke at retarded injection timing. Figure 10(b) shows the fluc-
tuation of smoke opacity with load at 26°CA bTDC. The
BD90D5B10 combination generates 34.55% less smoke than
diesel at full load, yielding 21.71% less smoke than pure bio-
diesel. A higher amount of fuel injected into the engine's cylin-
ders increases the amount of smoke generated at maximum load
[32]. A longer ignition delay time and higher volatility can po-
tentially improve the performance of fuel-air mixtures. To put it
another way, the presence of oxygen in the fuel prevents the
formation of soot [18].
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Fig. 10. Variation in smoke opacity
with injection timing and load.

5. Conclusions

The fuel properties of biodiesel were enhanced by adding diesel,
n-butanol and n-octanol as blending stocks. The 5% mix of die-
sel initiates the combustion of fuel due to a lower ignition tem-
perature of diesel. Optimal outcomes for various fuel mixtures
can be achieved by adjusting the injection time to 26°CA bTDC,
which effectively balances performance, combustion efficiency
and emissions. The chosen timing facilitates comprehensive
mixing, resulting in a decrease in NOx emissions, alongside pro-
ducing cleaner combustion with a reduced amount of particle
emissions. Consequently, this timing option is seen as advanta-
geous for the purpose of sustainable and efficient engine run-
ning. The following outcomes are achieved from the research:

e The BD90D5010 blend has the lowest BSFC when com-
pared to the other blends at full load conditions when in-
jected at 26°CA bTDC. Its performance was by 1.01%
lower as compared to pure biodiesel and 8.5% superior to
diesel. At injection timing of 23°CA bTDC, diesel has the
lowest BSFC of 0.223 g/kWh for 80% loading.

e The BD90D5B5 blend has the highest BTE content
(31.46%) of all the test fuel blends at full load with 26°CA
bTDC. It was found by 1.08% higher than for biodiesel and
comparable to that of diesel.

e At full load and 26°CA bTDC, the BD85D5010 blend
achieved the most significant in-cylinder pressure. Com-
pared to diesel, it was 6.55% higher, while for biodiesel
was 8.04% lower. The rate at which BD85D505 releases
heat is the greatest. It had a lower energy content than die-
sel by 6.65% and higher than biodiesel by 5.65% for injec-
tion timing of 26°CA bTDC.

e The test fuel BD85D5B10 and BD85D5010 blends at full
load had a delay period of 13.7°CA and 13.95°CA, respec-
tively, which was the most significant delay period.

e The CO emissions of test fuel blends were found to be
lower at the injection timing of 26°CA bTDC, whereas die-
sel emissions were found to be lower at the injection timing
of 23°CA bTDC. The BD85D5B10 blend had the lowest
CO emission rate, which was 25.86 g/kWh at full load con-
dition when the injection time is retarded to 26°CA bTDC.
This amount is by 36% lower than diesel's value.

e The best results for HC emissions were achieved at 26°CA
bTDC, although diesel had lower levels of HC emission at
23°CA bTDC. The unburned hydrocarbon content of
BD85D5B10 was 0.157 g/kWh, which was lower by
20.3% than the unburned hydrocarbon content of biodiesel
and lower by 23.4% than the unburned hydrocarbon con-
tent of diesel.

e There was an increase in NOy formation at 29°CA bTDC
when the injection time was retarded because of the fact
that a retarded injection periods contribute to improved
combustion for biodiesel alcohol blends. When operating
at full load, the BD85D5010 blend produced maximum
NOy emissions of 6.01 g/kWh, which were by 6.8% greater
than the NOx emission produced by diesel at 26°CA bTDC.

e At 26°CA bTDC, biodiesel-diesel-alcohol blends exhib-
ited lower smoke opacity than diesel. At full load, the
BD90D5B10 combination emitted 34.55% less smoke than
diesel and 21.71% less smoke than pure biodiesel.

Performance and combustion were improved when diesel
was blended with biodiesel, and the amounts of pollutants pro-
duced were reduced significantly. Consequently, biodiesel-die-
sel-n-butanol and biodiesel-diesel-n-octanol blends proved as
feasible fuels for internal combustion engines.
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