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A B S T R A C T

The addition of oxygenated additives such as ethers has shown better results with improved combustion and
reduced emissions. Ethers have a lower viscosity and higher oxygen concentrations that can improve combustion
and have lower calorific value, which can control the cylinder temperature. Hence, three ethers: diethyl ether
(DEE), Diethylene Glycol Dimethyl Ether (DME), and Tri-propylene-Glycol Monomethyl ether (TME) were
selected as biodiesel additives to conduct engine tests for reducing NOx and CO emissions. These three ethers
were added at 10 % volume to the Tucuma B10 blend, and the results were compared with diesel, TB10, and
TB20. The performance, combustion, and emission characteristics were investigated through engine tests con-
ducted at 2400 rpm with varying loads of 25 %, 50 %, 75 %, and 100 %. The study found that adding oxygenated
additives into the TB10 blend has led to a decrease in both CO and NOx compared to the TB10 blend alone.
However, the NOx was higher for the ether-TB10 blends than diesel. At full load, TB10DME10 reduced CO
emissions by 22.3 %, 45 %, and 38 %, compared to diesel, TB10, and TB20, respectively. Also, TB10TME10
showed reduced NOx by 8.5 %, 5.2 %, 6.62 %, and 0.12 % compared to TB10 at 25 %, 50 %, 75 %, and 100 %
loads, respectively. Peak pressure values for ether blends were lower than diesel but higher than TB10 and TB20.
The study concluded that the TB10DEE10 has shown better results in reducing CO, NOx, and BSFC and improved
BTE. The study recommends a detailed computational fluid dynamics study to investigate more combustion
aspects of ether blends. In addition, further investigation on oxidative stability, tribological behaviour, and cold
flow performance of the ether blends is much needed.

1. Introduction

Over the years, the transportation sector has depended on
petroleum-based fuels and is responsible for higher carbon monoxide
(CO), hydrocarbons (HC), nitrogen oxides (NOx) and particulate matter
(PM) emissions [1,2]. Large, heavy machinery used in mining,
manufacturing, and marine sectors uses diesel engines, which are highly

responsible for NOx and PM emissions. These emissions are harmful to
the environment and human health [3–5]. For instance, According to
World Energy Outlook 2023 by the International Energy Agency IEA [6],
the energy sector is predominantly responsible for the contaminated air
that affects over 90 % of the global population, contributing to over 6
million premature deaths annually [6]. Additionally, in 2015, it was
estimated that fine particulate matter (PM2.5) in outdoor air was
responsible for 4.2 million deaths and 103.1 million disability-adjusted

Abbreviations: BDC, Bottom dead center; BP, Brake power; BTE, Brake thermal efficiency; BSFC, Brake-specific fuel consumption; CO, Carbon monoxide; CO2,
Carbon dioxide; CHRR, Cumulative heat release rate; DBE, Dibutyl ether; DEE, Diethyl ether; DMM, Dimethoxy methane; DME, Diethylene glycol dimethyl ether;
EVC, Exhaust valve closing; EVO, Exhaust valve opening; HC, Hydrocarbons; HRR, Heat release rate; ICP, In-cylinder pressure; IEA, International energy agency;
IMEP, Indicated mean effective pressure; IP, Indicated power; ISFC, Indicated specific fuel consumption; IVC, Intake valve closing; IVO, Intake valve opening; MGO,
Marine gas oil; NOx, Nitrogen oxides; PM, Particulate matter; ROPR, Rate of pressure rise; SOC, Start of combustion; TB10, 10% Tucuma and 90% diesel by volume;
TB20, 20% Tucuma and 80% diesel by volume; TB10DEE10, 10% Tucuma, 10% diethyl ether and 80% diesel by volume; TB10DME10, 10% Tucuma, 10%
Diethylene-Glycol Dimethyl ether and 80% diesel by volume; TB10TME10, 10% Tucuma, 10% Tri Propylene-Glycol Monomethyl ether and 80% diesel by volume;
TDC, Top dead centre; TME, Tripropylene-Glycol Monomethyl ether.
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life-years [7,8]. Implementing biodiesel in diesel engines has signifi-
cantly reduced CO, HC, sulfur oxides, and PM emissions. However, NOx
emissions are higher with biodiesel-fuelled engines than diesel-fuelled
engines. Although biodiesel and conventional diesel fuel share many
characteristics, differences in their physicochemical properties lead to
variations in combustion. Blending biodiesel and diesel blends with
oxygenated fuels can reduce the blend’s total viscosity and improve the
combustion process.

Blending biodiesel with oxygenated additives such as ethers showed
better results in reducing the viscosity of the blend and improving the
combustion [9,10]. Ethers such as dibutyl ether (DBE), Diethylene
Glycol Dimethyl Ether (DME), dimethoxymethane (DMM), diethyl ether
(DEE), and tripropylene-Glycol Monomethyl ether (TME) were widely
investigated to improve the combustion rates [11]. For instance, as per
the studies by Abebe Debella et al. [12] and El-Zohairy et al. [13], the
kinematic viscosity of the diethyl ether (DEE) at 40 C̊ is 0.23 cSt. The
studies revealed that blending DEE with biodiesel has reduced the
overall viscosity and improved the spray behaviour. Ethers have a low
calorific value and high oxygen content, which makes them suitable for
oxidizing CO emissions and reducing the in-cylinder temperature,
thereby reducing the NOx. In one study, Yesilyurt and Aydin [14]
observed that the average CO emissions for B20DEE2.5 and B20DEE5
were reduced by 31.86 % and 32.29 % compared to diesel fuel and by
21.79 % and 22.47 % compared to the B20 blend, respectively. In
another study, Swaminathan and Sarangan [15] observed a decrease in
NOx by 31 % with the addition of DME to the B20 at lower loads, and
increased NOx was observed at higher loads. DME, also known as
diglyme, is characterized by high oxygen content, excellent solubility
with diesel fuel, a high cetane number, reduced sooting tendency, and
better physical–chemical properties that make it suitable for use in
commercial diesel engines [16]. The addition of DME to diesel fuel
resulted in reduced emissions of HC, CO, PM, smoke, and soot [17–20],
while NOx emissions could either increase, decrease, or remain nearly
unchanged [17,18,21]. Nabi and Hustad [22] tested Marine Gas Oil
(MGO) as the base fuel for engine experiments and blended it with 10 %
DME (Ox10) and jatropha oil methyl ester (B10). The study revealed
that at all engine loads, fine particle number and mass emissions were
considerably lower in B10 and Ox10 fuels compared to MGO fuel, with
CO emissions reduced by 13 % and 21 %, respectively. MGO has prop-
erties that closely resemble those of diesel fuel, and the blended fuels
exhibit higher cetane numbers and similar density, viscosity, and calo-
rific values. Oxygenated additives like ethers improve the performance
of blended fuels because of their inherent properties, such as increased
stability, lower viscosity, higher cetane numbers, and natural oxygen
content [23]. For example, Sun et al. [24] observed an increase in BTE
and shorter ignition delay with the addition 5 % DME to the biodiesel
blend. In addition, Ashfaque Ahmed et al. [25] observed a 5.8 % in-
crease in BTE, a 6.89 % decrease in BSFC, 37.8 % and 50.7 % decrease in

CO and HC, respectively, for 20 % blended DEE to the animal fat bio-
diesel compared to diesel. Hence addition of ethers helps to lower
exhaust emissions and improve engine combustion. Therefore, this study
examined the impact of these ethers on the biodiesel blends.

In the author’s previous studies with the Tucuma blends Doppala-
pudi et al. [26] and Doppalapudi et al. [27], TB10 has shown better
results in terms of improved performance and reduced emissions
compared to TB20 and diesel. Considering these findings, the effects of
blending CNTs, ethanol, and essential oils with TB10 were studied,
revealing that the oxygenated alcohols significantly reduced NOx
emissions. To explore this further, ether additives were incorporated
into the TB10 blend for a more in-depth analysis of oxygenated fuel
combustion in diesel engines. In the current study, engine performance,
combustion, and emission parameters were analysed using diesel fuel, a
Tucuma-diesel blend (TB10 and TB20), and a TB10 blend with ethers
DEE, DME, and TME. The main reason for selecting these three ethers is
their higher oxygen content. For instance, the oxygen content in DEE is
21.6 % by wt., whereas for DME and TME, the oxygen content is 35.83%
by mass, containing 31 % by mass, respectively [17,28]. Moreover, the
cetane number of the ethers DME (greater than 86), DME (126), and
TME (65.0) are higher than diesel (53) [29,30]. DME is widely used as a
solvent for the conversion of olefins and the synthesis of other chem-
icals. Meanwhile, TME is used as a solvent in the resins, coatings, and
textile industries. Besides, DEE, DME, and TME were used as internal
combustion engine fuels. These variations have motivated authors to
explore the effect of these ethers on the combustion aspects with the
novel Tucuma blend. The aim was to assess the impact of adding ethers
to diesel–biodiesel blends on these parameters, focusing on the influence
of oxygen content. This investigation highlighted significant reductions
in all diesel engine emissions, including CO, CO2, HC, and NOx emis-
sions. The detailed methodology for the experiment and results are
discussed in the following sections. Finally, the study concludes the key
outcome and is followed by recommendations for future work.

2. Methodology

2.1. Materials used

The study on the effect of different types of ethers on Tucuma bio-
diesel (TB) involves a series of stages and various materials. For the
transesterification process, Amazonian-based Tucuma bio-oil was pur-
chased from Nature in Bottle, U.S.A. In addition, potassium hydroxide
(KOH) was used as the catalyst, and methanol was the reacting agent;
both were obtained from Westab Pty Ltd, Australia. Ethers such as DEE
(CAS:60-29-7) with ≥ 99.7 % purity, DME (CAS:111-96-6) with 99.5 %
purity, and TME (CAS: 25498-49-1) with ≥ 99.7 purity were purchased
from Sigma Aldrich, Australia. Finally, diesel fuel for the fuel blends and
engine testing was sourced from Ampol Petroleum Company in
Queensland, Australia.

2.2. Biodiesel conversion procedure, property analysis, and blend
preparation

Firstly, fatty acid methyl esters (FAME) were produced from Tucuma
bio-oil using the transesterification process [31]. This process involves
mixing alcohols and fatty acids at controlled temperatures and reaction
times to convert them into FAME (biodiesel) and glycerol as a byprod-
uct. The yield of FAME depends on the transesterification operating
conditions [32]. For instance, Devaraj et al. [33] converted waste
cooking oil to high-quality FAME at 75 ◦C, 1 wt% catalyst concentration,
a 1:6 oil-to-methanol molar ratio, 350 rpm, and a reaction time of 90
min, 97 % of the potential biodiesel output was achieved. In another
study, Encinar et al. [34] observed maximum methyl ester content
ranging from 97-98 % under the conditions of a 9:1 methanol-to-oil
molar ratio, 0.7 wt% KOH, a 1:1 co-solvent-to-methanol molar ratio,
700 rpm, and 3 h of reaction time. Hence, the optimization process was

Nomenclature

Symbol Description
A Area of piston (m2)
dp Change in pressure
dv Change in volume
dɵ Change in crank angle
L Stroke length (m)
N Speed (rpm)
Qnet In-cylinder heat release rate
γ Ratio of specific heats
p In-cylinder pressure (Pa)
v In-cylinder volume in (m3)
λ The ratio of connecting rod length to crankshaft
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undertaken to convert the Tucuma bio-oil to biodiesel. The experiment
was designed using the Box-Behnken method, and the results were
analyzed with Response Surface Methodology (RSM). Statistical opti-
mization involved conducting a total of 27 experiments with varying
process parameters: methanol-to-oil molar ratio (ranging from 5:1 to
7:1), reaction time (from 50 to 70 min), catalyst concentration (from 0.5
wt% to 1.5 wt%), and reaction temperature (from 50 ◦C to 70 ◦C) [27].
The detailed methodology, design of experiments, RSM and ANOVA
analysis of Tucuma biodiesel conversion process can be found in authors
previous study Doppalapudi et al. [35].

The RSM statistical investigation identifies the optimal conditions to
be a methanol-to-oil molar ratio of 7:1, a KOH catalyst concentration of
0.5 % (w/w), a 70-minute reaction time, and a temperature of 53 ◦C,
resulting in a 99.5 % yield conversion. AOCS Ce 1a-13 testing standard
was followed to investigate the fatty acid methyl esters (FAME)
composition in gas chromatography and mass spectrometry (GCMS)
equipment. The analysis revealed that TB biodiesel is mainly composed
of oleic acid (44.87 %), palmitic acid (25.69 %), linoleic acid (12.56 %),
and stearic acid (11.8 %) fatty esters [26].

Biodiesel blends were created using fossil diesel as the baseline fuel,
and the oxygenated fuels varied in percentage volume. The blends
include TB10 (10 % Tucuma and 90 % diesel by volume), TB20 (20 %
Tucuma and 80 % diesel by volume), TB10DEE10 (10 % Tucuma, 10 %
diethyl ether and 80 % diesel by volume), TB10DME10 (10 % Tucuma,
10 % Diethylene-Glycol Dimethyl ether and 80 % diesel by volume) and
TB10TME10 (10 % Tucuma, 10 % Tri Propylene-Glycol Monomethyl
ether and 80 % diesel by volume). The blends were rigorously mixed in
4-liter batches using a 5-liter conical flask on a magnetic stirrer. The
blends were prepared for 60 min with stirring speed maintained at 500
rpm, and the temperature was at approximately 26 ± 1.5 ◦C.

2.3. Engine test setup

Table 1 shows the specifications of the KubotaV3300 engine and the
parameter range and sensitivities of the emission parameters. A full-
scale, 4-cylinder, four-stroke Kubota V3300 commercial engine was
used for the engine tests, coupled with an eddy current dynamometer to
perform the loading. The dynamometer from Dyno Dynamics applied
the load on the engine, where the electric motors are used to apply the
load on the engine. The highest load was taken as a reference under full-
throttle conditions, after which the load values were varied accordingly.

Measurements of engine brake torque, speed, and fuel mass flow
rates were taken at each test. Later, standard equations were used to
calculate performance parameters, such as brake power (BP), indicated
power (IP), indicated mean effective pressure (IMEP), brake thermal
efficiency (BTE), indicated specific fuel consumption (ISFC), and brake-
specific fuel consumption (BSFC). A piezoelectric pressure transducer
was installed on the cylinder head to measure the chamber pressure
variations and minimise the noise output (model H32218-GPA from
Optrand, MI, USA). The recorded in-cylinder pressure readings are the
average of 200 hundred consecutive cycles (from 0 ◦CA to 720 ◦CA). A

CODA exhaust gas analyser (Andros 6241A, California, USA) was used to
measure emissions. This device utilizes nondispersive infrared technol-
ogy to accurately determine levels of CO, CO2, HC, and NOx. [36]. Fig. 1
illustrates the engine test setup andmethodology used for evaluating the
ether biodiesel blends.

The engine was tested under four different loading conditions,
including low load (25 % of total load), medium load (50 % of full load),
and high loads (75 % and 100 % of full load). Furthermore, the engine
was kept constant at 2400 rpm, close to the rated power rotational
speed. The tested fuels in this investigation include neat diesel fuel,
which is considered a reference fuel. The properties of pure biodiesel,
diesel and ethers were tested by the authors in their previous studies.
However, the blended fuels such as TB10DEE10, TB10DME10 and
TB10TME10 were calculated as per the proportions of the fuels in their
total blends. The properties of the tested fuels are displayed in Table 2.
The three oxygenated additives were selected to enhance the combus-
tion and reduce the emissions. Another key reason for choosing these
additives is due to the higher oxygen percentage in their molecular
structures and superior ignitability. Among all, the blended fuels are
under the ASTM D6751 standards, as presented in Table 2.

2.4. Theoretical equations for the engine performance and combustion
evaluation

2.4.1. Performance characteristics
Indicated power (IP) is the available energy after a portion of the

energy is lost through the coolant, exhaust, and radiation. IP is calcu-
lated using indicated mean effective pressure (IMEP) using Equation (1).

IP =

IMEP× L× A×

(
N
n

)

× C× 100

60
(kW) (1)

Where IMEP is in bar recorded from the combustion analysis, L is the
stroke length in meters (m), A is the area of the piston (m2), N represents
the speed in rpm, n value is 2 for four-stroke CI engines, and C value is 4,
which denotes the total number of cylinders.

Indicated specific fuel consumption (ISFC) is the ratio of fuel con-
sumption to the indicated power, which can be calculated using Equa-
tion (2) [38].

Fuelmass flow rate (kghr)
IP (kW)

(kg/kW.h) (2)

The equations to calculate BP and BSFC were taken from the author’s
earlier studies Doppalapudi et al. [26] and Doppalapudi et al. [27].

2.4.2. Combustion characteristics
The in-cylinder heat release rate (HRR) was determined from the

pressure data and volume data based on the first law of thermody-
namics, which is presented in Equation (3) [37,39–41].

Table 1
Technical specifications of the engine and emission analyzer.

Specification of the Kubota V3300 Parameter range and Accuracy of emission analysers

Engine model and cylinder Kubota V3300-4 cylinder Parameter (range) Accuracy

Compression ratio (CR) 22.6 CO2 (0–20 %vol) ±0.3 % abs
Bore x stroke (inch) 3.86 × 4.33 O2 (0–25 %vol) ±0.1 % abs
Injection pressure 13.73 Mpa HC (0–3000 ppm vol) ±4 ppm abs
Displacement 202.48 cu. in NOx (0–5000 vol ppm) ±20 ppm abs
Top clearance 0.0283 in CO (0–15 %vol) ±0.02 % abs
Intake valve opening

Intake valve closing
14◦ Before TDC
36◦ after BDC

​ ​

Injection timing 16 oCA before TDC ​ ​
Exhaust valve opening

Exhaust valve closing
45◦ before BDC
17◦ after TDC

​ ​
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dQnet
dθ

=
γ

γ − 1
p
dV
dθ

+
1

γ − 1
v
dP
dθ

(3)

Where Qnet is the in-cylinder heat release rate (J/◦CA), p is the in-
cylinder pressure (Pa), v is the instantaneous in-cylinder volume in
(m3), and γ is the ratio of specific heats.

The instantaneous volume was calculated using Equation (4) and
Equation (5), where the volume of the cylinder varies with the crank
angle position.

V = Vc+A.r

[

1 − cos(
πθ
180

)+
1
λ

(

1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − λ2sin2(
πθ
180

)

√ )]

(4)

dV
dθ

=
rπθ
180

×

⎡

⎢
⎢
⎣sin(

(
πθ
180

)

+
λ2sin2( πθ

180)

2×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − λ2sin2( πθ
180)

√

⎤

⎥
⎥
⎦ (5)

V is the instantaneous volume, Vc is the clearance volume, A is the area
of cylinder, r is the crank radius, and l is the connecting rod length and λ
is the l/r

Cumulative heat release rate is investigated to characterize the effi-

ciency of the combustion process and can be calculated using Equation
(6) [42].

CHRR =

∫

dQnet (6)

where Qnet is the in-cylinder heat release rate (J/◦CA) as presented in
Equation (3).

2.5. Uncertainty analysis

To reduce measurement errors, the data was recorded at three
different time intervals, and the emissions and performance parameters
for each fuel were measured. The potential sources of uncertainty in the
results include variations in sensor selection, data measurement, mea-
surement procedures, and instrument calibration. The total experi-
mental uncertainty in this study was determined using the square root
method (following the studies [43–45]), as described in equation (7). A
total± 1.88 error is recorded for the experimental setup, which is within
the confidence level to evaluate the results.

Fig. 1. Experimental procedure for the engine test.

Table 2
Physiochemical properties of the tested fuel blends.

Property Tucuma B100 [35] Diesel [37] TB10 TB10DEE10 TB10DME10 TB10TME10 ASTM ASTM D6751 standard limit [37]

Density (15 ◦C) in kg/m3 879.1 832 874.39 863.48 881.48 883.68 860–890
Viscosity (40 ◦C) in mm2/s 4.0 4.1 4.01 3.93 3.78 3.95 3.5–5.0
Calorific value in MJ/kg 39.87 41.77 41.58 40.80 39.85 40.41 −

Cetane index 48.2 44 47 52 55 49 Minm 47

Uo =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

UFC
2 + UBSFC

2 + UBMEP
2UBTE

2 + UHC
2 + UCO2

2 + UCO
2 + UNOx

2 + Uλ
2 + UHRR

2 + UCP
2 ++UEGT

2
√

(7)

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(0.10)2 + (0.70)2 + (0.2)2 + (0.90)2 + (0.30)2 + (0.02)2 + (0.80)2 + (0.10)2 + (0.8)2 + (0.05)2 + (0.90)2 + (0.02)2
√

A.T. Doppalapudi et al. Fuel 382 (2025) 133712 

4 



= ± 1.88%

3. Results and discussion

3.1. Effect of biodiesel and ether blends on emission characteristics

3.1.1. Effect of biodiesel and ether blends on NOx emissions
Fig. 2 demonstrates the effect of the start of combustion (SOC) and

peak heat release rates (HRR) on NOx emissions. The premixed com-
bustion stage influences the formation of NOx emissions, and the rate of
premixed combustion is affected by the SOC [37]. Higher peak tem-
peratures are formed during the premixed combustion stage. Factors like
air–fuel ratio and fuel calorific value significantly impact this stage,
influencing the formation of elevated HRR [46,47]. NOx emissions
increased from 25 % load to 75 % load and decreased to 100 % load. A
similar pattern was also observed in the literature by Avase et al. [48]
and Khoa and Lim [49]. As presented in Fig. 2, the NOx trend closely
matches the SOC. For instance, reference diesel SOC timing increases
from 25 % to 75 % loads and decreases to 100 % load. A similar SOC
trend is also observed with TB10 and TB20; however, with the ether
blends, the trend is similar but with minor variations. This suggests that
NOx emissions are directly related to the SOC. TB10 showed a higher
NOx trend than all the biodiesel-ether blends, including TB20. TB10
showed increased NOx emissions by 2.8 %, 3.89 %, and 5.35 %
compared to TB20 at 50 %, 75 % and 100 % load conditions, respec-
tively. This is due to the higher calorific value of the fuel, which has
increased the combustion temperatures [50]. At 100 % load, the DEE
ether blend exhibited higher NOx than other biodiesel blends. Among all
the biodiesel blends, TB10TME10 showed lower NOx with 128 ppm,
273 ppm, 324 ppm at 25 %, 50 %, and 75 % loads and however, the
emissions were more for the same blend at 100 % load condition. In
addition, as presented in Fig. 2, EGT is increasing with the increasing
load condition [51]. At 25 %, 50 % and 100 % load conditions, biodiesel
blends showed higher EGT compared to diesel. At 100 % load, TB10,
TB20, TB10DEE10, TB10DME10, and TB10TME10, showed 632℃, 628
℃, 615 ℃, 619 ℃, and 613 ℃, whereas diesel showed 590 ℃. The
addition of ethers to the biodiesel has reduced the EGT compared to
TB10 and TB20. Hence, the addition of ethers showed a reduced EGT
compared to biodiesel-diesel blends.

Fig. 3 presents the effect of ethers on the NOx emissions with the
biodiesel blends at varying load conditions. As can be seen from Fig. 3,
the presence of oxygenated ethers in the TB10 has increased the NOx
emissions compared to diesel at all the load conditions. For instance, the
presence of DEE blend in TB10 showed an increase in NOx by 43.11 %,
21.88 %, 10.74 %, and 10.65 % compared to diesel at loads 25 %, 50

Fig. 2. Effect of heat release rate and early combustion on the NOx emissions.

Fig. 3. Effect of TB10-ether blends on NOx emissions compared to diesel, TB10 and TB20.
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%,75 %, and 100 %, respectively. At 50 % load, the DME blend with
TB10 showed higher NOx than all the blends, which is 22.7 % higher
than diesel at that respective load. TME blend has shown lower NOx
compared to TB10 and TB20. As shown in Fig. 3(a), at 25 % load con-
dition, the TB10TME10 blend reduced NOx by − 8.6 % and − 9.2 %
compared to TB10 and TB20, respectively. At 50 % load conditions
(Fig. 3 (b)), all the ether blends TB10DEE10, TB10DME10, and
TB10TEE10 showed reduced NOx by − 1.4 %, − 0.6 % and − 5.2 %,
respectively, compared to TB10. However, the DEE and DME blends
revealed an increased NOx of 1.4 % and 2.1 % compared to TB20 under
the same load conditions. Also, Fig. 3(c) and 3(d) show that DME and
TME have shown more reductions in NOx compared to DEE. DEE has
shown higher NOx because of the blend’s lower viscosity, lower density,
and higher calorific value. For example, Sezer [52] noted a reduction in
NOx emissions with the DEE blend compared to the DME when operated
at different equivalence ratio conditions. The study revealed lower in-
cylinder temperatures were formed with the ether-blended fuels.
Similar findings were observed in studies by Agarwal et al. [53] and
Rakopoulos et al. [54].

Fig. 4 demonstrates the impact of combustion parameters on NOx
formations. Fig. 2 depicts that higher NOx emissions are observed at a
75 % load condition, and Fig. 3 shows that DEE and TME have consid-
erable variations in the NOx. TB10DEE10 and TB10TME10were selected
to compare the NOx and combustion parameters. NOx emissions are
mainly due to the higher temperatures inside the chamber [55,56]. The
pressure is directly proportional to the temperature. The higher pressure
was recorded for TB10DEE10 (60.57 bar), followed by TB10TME10
(59.04 bar) and diesel (57.37 bar). Hence, the higher NOx is noted in the
order of TB10DEE10 (340 ppm), followed by TB10TME10 (324 ppm)
and diesel (307 ppm). Though the pressure–velocity (PV) plot revealed
higher pressure at lower volume (near TDC), due to the consequence of

Fig. 4. Comparison of NOx emissions with the combustion parameters.
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Fig. 5. Variation of CO emissions for the biodiesel and ether blends compared
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finite time combustion, the combustion peak pressure occurs after the
TDC during combustion stroke. From the second peak of the PV graph,
higher peak pressure rise rates were observed for the TB10DEE10 than
TB10TME10. TB10TME10 has shown higher HRR than the diesel and
TB10DEE10. Interestingly, a sudden rise in peak and a sudden drop in
the heat release rate can be observed compared to the TB10DEE10.
Hence, this phenomenon has caused a drop in the temperature rates
inside the chamber and has caused lower NOx emissions [57–59].

3.1.2. Effect of biodiesel and ether blends on CO emissions
Fig. 5 demonstrates the effect of ethers on the CO emissions. Fig. 5(a)

shows the variation of CO emissions for biodiesel blends compared to
diesel. Fig. 5(b) and 5(c) show the variation in CO of ester blends
compared to TB10 and TB20, respectively. CO emissions are mainly
produced due to incomplete combustion and lack of oxygen in the
combustion chamber [43]. Combustion events are highly sensitive as
there is a greater chance for incomplete combustion depending on the
operating range. Carbon atoms are first formed as CO rather than CO2
emissions during combustion because carbon is more susceptible to the
nearby available oxygen. This is one of the major reasons CO can harm
human health. Upon inhalation, it absorbs blood oxygen and can cause
blood clots in the human body [60]. However, higher temperatures and
more oxygen are required to oxidize the CO to CO2 emissions [61,62].
For example, in Fig. 5, it is noticed that CO emissions first decrease with
the increasing load to 75 % load condition and then increase at the full
load condition. Similar findings were depicted in studies by Raman et al.
[63], Simsek and Uslu [64], EdwinGeo et al. [65], and Simsek [66]. The
rate of oxidation increases due to the increase in cylinder temperature
conditions as the load increases. However, a sudden rise in emissions is
noticed at full load conditions, which means significant amounts of fuel
get injected in the high load condition [65]. Hence, there is limited time
for the fuel to disperse, atomise, vapourise, combust and oxidise at that
condition. In a way, the fuel properties influence both of these factors,
such as time and higher quantities of fuel.

Fuel properties have a direct impact on the CO emissions [67]. For
instance, as shown in Fig. 5, CO emissions are lower for biodiesel and
ether blends than for diesel. Biodiesel has readily available oxygen upon
combustion, oxidising CO to CO2 emissions. Air intake also plays a
decent role in supplying oxygen for combustion. For example, passing

the exhaust gas recirculated to the combustion has increased CO emis-
sions even when using oxygenated blends [68–70]. This concludes the
influence of air intake on CO emissions. CO emissions are lower for the
TB10 blend than TB20, as higher quantities of oxygen are available in
TB20 than in TB10. Despite the higher oxygen content, both blends
showed higher CO at 100 % load than diesel. At 100 % load, CO emis-
sions are 122 ppm,172 ppm,150 ppm,112 ppm, 99 ppm and 104 ppm for
the diesel, TB10, TB20, TB10DEE10, TB10DME10, and TB10TME10,
respectively. There are several reasons behind these variations. The
higher acid value of the Tucuma biodiesel is one of the primary reasons
for the higher CO emissions. Also, large quantities of biodiesel cause
poorer air–fuel mixture formation at 100 % load conditions, leading to
higher CO emissions. However, adding ethers has decreased the CO
emissions at higher load conditions. However, at 25 % and 50 %,
TB10TME10 showed a 25 % and 38 % increase in CO emissions
compared to TB20. However, at higher loads, a decrease in CO emissions
is noted for the ether blended fuels.

Adding 10% by vol. of ethers to the TB10 blend has decreased the CO
emissions at 100 % load conditions. The addition of DME has reduced
the CO by 22.3 %, 45 %, and 38 %, compared to diesel, TB10, and TB20,
respectively, at 100 % load condition. Similarly, TB10DEE10 and
TB10TME10 showed reduced CO by 6 % and 11 % with diesel, 34 % and
37 % with TB10, and 26.6 % and 30.52 % with TB20, respectively.
Among all, DME10 has shown better emissions reductions than others,
including pure biodiesel blends.

3.1.3. Effect of biodiesel and ether blends on CO2 emissions
Fig. 6 presents the rate of CO2 emissions for the Tucuma and ether

blends at varying loads. CO2 increases with the increasing load condi-
tions due to the higher oxidation rates formed by higher cylinder tem-
peratures. A similar trend was also noticed in the study by Simhadri et al.
[71]. Biodiesel blends showed higher CO2 emissions than diesel due to
readily available oxygen in the biodiesel structure. This is due to the
presence of higher oxygen, where the fuel is burned more thoroughly,
resulting in the production of water and CO2 by the end of the reaction
[72]. In addition, parameters such as fuel properties, engine speed/load,
the C/H ratio, fuel pressure, mixture density, and the timing of injection
also influence the rate of CO2 formation [73,74]. Compared to TB20,
TB10 has shown higher CO2 emissions. TB10 showed a 16 % increase in

Fig. 6. Comparison of CO2 emissions for the biodiesel and ether blends with diesel, TB10 and TB20.
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CO2 at higher loads compared to diesel.
Adding ethers to the biodiesel has reduced the CO2 emissions

compared to TB10 and TB20. Compared to the DEE blend, DME and
TME ether blends showed lower CO2 emissions. At 75 % load,
TB10DME10 and TB10DEE10 showed a 1.8 % and 0.47 % decrease in
CO2 than diesel. TB10TME10 has shown more significant CO2 re-
ductions at lower loads, for instance, 5.1 % and 6.1 % reduction in CO2
compared to TB10 and TB20, respectively. At 75 % load condition, DME
blends have shown an 8.4 % decrease in CO2 compared to TB10 and
TB20. On the other hand, DEE in the blend has shown increased CO2
emissions. At 25 % load condition, the DEE blend showed an increase in
CO2 by 13 %, 2 %, and 0.97 % compared to diesel, TB10, and TB20,

respectively. DEE has shown a 13 %, 8.8 %, 5.8 % and 12 % increase in
CO2 emissions compared to diesel at 25 %, 50 %, 75 % and 100 % load
conditions, respectively. Krishnamoorthi and Malayalamurthi [75] and
El-Zohairy et al. [76] observed increased CO2 emissions with the DEE-
biodiesel blends.

3.1.4. Effect of biodiesel and ether blends on HC emissions
Fig. 7 represents the exhaust gas temperature (EGT) vs the HC

emissions with varying conditions for ether blends. HC emissions
decreased with the increasing load to 75 % and then increased to 100 %
load condition. This means that higher HC emissions are observed at a
25 % load and 100 % load. In the CI engine, the increase in HC is mainly
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due to incomplete combustion. Incomplete combustion can occur due to
various reasons. At 25 % load condition, higher HC is due to the lean
mixture condition. At lean mixture conditions, flame propagation is low
and will lead to partial oxidations and cause higher unburnt HC [77].

Interestingly, at 100 % load conditions, higher HC emissions are due
to fuel-rich mixtures. For an overly rich mixture, the fuel either cannot
mix with enough air or, even if mixed, does not have sufficient time to
oxidise fully [78]. Moreover, HC emissions are also affected by the
air–fuel ratio, poor combustion in crevice regions and poor combustion
chamber design [79]. When gaseous HC interacts with sunlight, it pro-
duces photochemical smog, which poses a significant risk to the human
respiratory system [80,81]. As shown in Fig. 7, the DME10 ether blend
has shown increased HC emissions. This is because higher fuel con-
sumption rates are noted for DME10 blend (3.12 kg/h) compared to
DEE10 (3.04 kg/h) and TME10 blend (3.07 kg/h). Also, TB20 has shown
increased HC emissions compared to TB10. This has also to do with the
presence of a rich fuel mixture [82,83]. As can be seen from the BSFC
plot (Fig. 11), there has been a significant difference in the fuel con-
sumption rates between TB10 and TB20; hence, TB10 has shown lower
HC emissions. Like CO emissions, higher temperatures are required to
oxidize the HC emissions [77,84]. Hence, TB10 has shown lower HC
emissions as it has higher heat release rates compared to other blends.

3.2. Effect of ethers on combustion parameters

3.2.1. Variation of CHRR with biodiesel and ether blends
Fig. 8 demonstrates the cumulative heat release rate (CHRR) of the

diesel, biodiesel, and ether blends at varying loads. CHRR can imply the
rate of fuel energy converted to useful energy [85]. The CHRR increased

with the increasing load conditions, and this phenomenon was also
observed in the study by Nabi et al. [86]. As can be seen, peak CHRR is
noticed during the premixed combustion states. At 25 % load condition,
higher CHRR is noticed for the TB10DEE10 with a peak value of
2816.72 J at 388 C̊A. Though TB10DEE10 has shown lower rates
performance-wise, its higher CHRR signifies higher fuel consumption
rates. At 25 % load, TB10DEE10 has shown higher fuel consumption
than the other blended fuels. Similarly, TB10TME10 has also shown
higher BSFC and, hence, the higher CHRR. However, in the case of
TB10DME10, though the blend showed higher BSFC, the sudden rise in
peak CHRR is low. This could be due to the uniform combustion of DME,
which prohibited the sudden rise in HRR during the premixed com-
bustion stage. Similar behavioral patterns in CHRR variations were also
observed at other loads due to the BSFC.

At 50 % load again, TB10DEE10 and TB10TME10 showed peak HRR
due to higher BSFC. On the other hand, TB10 has shown lower CHRR
compared to other blends. But at 100 % load, Tucuma showed higher
CHRR. This indicates that the TB10 blend has demonstrated its potential
at full load conditions with lower BSFC value. However, the BSFC value
of TB10 is 11 % higher than that of diesel at 100 % load condition. It
could also be noticed that the sudden rise in peak values at 100 % load
condition has led to better combustion by avoiding the unburnt hydro-
carbons; however, due to limited oxygen content in the blend compared
to other biodiesel blends, higher CO emissions can be noticed for TB10 at
100 % load condition. On the other hand, TB20 and TB10DME10 have
shown higher BSFC at full load conditions; the sudden rise in peak CHRR
is noticed, and the combustion is incomplete by the end of the exhaust
valve opening time (EVO). Hence, higher HC emissions are seen in these
two blends.

Fig. 9. Variation of peak ICP at different loads for biodiesel and ether blends.
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3.2.2. Variation of peak in-cylinder pressure (ICP) rise rates with biodiesel
and ether blends

Fig. 9 reveals the peak ICP rise rates of the biodiesel blends at varying
load conditions. For Kubota V3300, the engine compression ratio is high
(22.6:1), and by this, peak pressure can be marginally affected. A higher
compression ratio can lead to shorter ignition delays and reduce peak
pressure rates [87,88]. At 25 % load conditions, peak pressures were
noticed in TB10DEE10 and TB10DME10 with values of 65.15 bar and
64.94 bar, respectively. As the pressure is directly proportional to the
temperature, lower CO emissions are noticed for these two blends,
implying higher oxidation rates. At the same time, peak pressures are
also due to the rapid combustion occurrences inside the cylinder [89].
From the results, it is observed that there were no abnormal peak
pressure changes, which can cause knocking. The peak pressure condi-
tions were increased with the increase in load conditions. Though the
calorific value for the TB10DME10 is lower, it showed higher ICP in 25
% load conditions. This is due to the presence of higher oxygen content
and lower viscosity of the fuel, which has improved combustion. How-
ever, TB10DEE10 showed a higher ICP with 66.48 bar with the
increasing load because of the higher calorific value than other blends.
TB20 and TB10TME10 have shown lower peak pressures because of the
higher densities that can cause wall wetting and fuel distribution
problems. However, with the increase in load due to the rapid com-
bustions, TB20 and TB10TME10 showed higher ICP and higher HC
emissions.

3.2.3. Variation of the rate of pressure rise (ROPR) with biodiesel and ether
blends

Fig. 10 presents the ROPR with biodiesel and ether blends at varying
load conditions. RPR signifies the process occurring inside the chamber
and is crucial for the efficient transfer of energy from the burned gases to
the crankshaft [90,91]. It is observed from Fig. 10 that during the pre-
mixed combustion phase, a rapid ROPR occurred. It is due to the fast fuel
burning after the injection, followed by the slow burning rate as the
pressure variation is gradual in the diffusion stage. The rise in pressure
impacts the formation of NOx [92,93]. As discussed earlier, NOx emis-
sions increased at 75 % load and decreased at 100 % load. This can be
related to Fig. 10, which shows that the RPR is high in the premixed zone
at 75 % load condition and decreased at 100 % load condition.
TB10TME10 has a lower rate of pressure rise at low loads, 0.91 dp/dɵ
due to the higher density of the blend. However, TB10TME10 showed
higher ROPR at higher loads than TB10DEE10 and TB10DME10. At full
load condition, TB20 showed a higher ROPR 1.30, followed by TB10
(1.17 dp/dɵ), diesel (1.04 dp/dɵ), TB10TME10 (1.03 dp/dɵ),
TB10DEE10 (0.91 dp/dɵ) and TB10DME10 (0.54 dp/dɵ). Ether blends
have less ROPR than TB10 and diesel in all cases. In all the cases, an
early rise in ROPR is noticed compared to diesel at the premixed com-
bustion stage.

3.3. Effect of ether and biodiesel blends on performance parameters

3.3.1. Variation of ISFC and BSFC with biodiesel and ether blends
Fig. 11 demonstrates the variations of brake-specific fuel consump-

tion (BSFC) and indicated specific fuel consumption (ISFC) for a wide

Fig. 10. Comparison of RPR at different loads for biodiesel and ether blends.
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range of oxygenated additives/fuels at a varying load range. It is well
established that ISFC and BSFC have a reciprocal relationship with IP
and BP, respectively. As seen in Fig. 11, BSFC and ISFC increase with
increasing load. TB10 shows an 8.2 % increase in BSFC at 25 % load
compared to diesel. 4.1 %, 3 %, and 11 % increase in BSFC using the
same TB10 were realized at 50 %, 75 % and 100 % engine load,

respectively. TB20 increases BSFC by 14 %, 12 %, 6.9 %, and 13 % at 25
%, 50 %, 75 % and 100 % loads, respectively. The increase in BP with
three ether blends (TB10DEE10, TB10DME10, and TB10TME10) ranges
from 7.7 to 18 %, 8.2–14 %, and 7.9–16 %, respectively. Like BSFC, ISFC
was higher for all biodiesel and ether blends than diesel at all engine
loading conditions. Though ethers support the combustion through

Fig. 11. Variation of ISFC and ratio of BSFC compared diesel at different loads.

Fig. 12. Variation of IP and ratio of BP compared diesel at different loads.
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higher oxygen content, the BSFC values are higher for the ether blends
compared to diesel, TB10, and TB20. The main reason is due to the
higher density of the ether blends. For instance, Jeevanantham et al.
[94] observed a significant increase in BSFC by adding 5 % of DEE and
methyl tertiary-butyl ether to the Calophyllum Inophyllum blend. Higher-
density fuel was injected with more mass per unit volume, which
reduced the air–fuel ratio and led to a higher fuel flow rate. In the case of
TB10, the density of the blend is lower than all the other blends; hence,
lower BSFC is noted with TB10. Another important factor is the lower
calorific value, which is very low for the ethers. This might be beneficial
to reduce the rapid combustion inside the cylinder but lead to more fuel
consumption to obtain the desired rated power [95].

3.3.2. Effect of engine load on engine power using diesel, biodiesel and ether
blends

The variations in engine output power (brake power, BP) and
developed power in the cylinder (Indicated power, IP) using the same
fuels and engine operating conditions are explained in Fig. 12 [45]. As
can be seen from Fig. 12(a) and 12(b), the BP and IP with all ether blends
are lower than diesel fuel. However, both powers show insignificant
variations among the oxygenated additives blends. Compared to refer-
ence diesel, TB10 showsminimum variations in BP compared to diesel at
all engine loading conditions. Interestingly, a maximum of 7.1 % lower
BP was observed at all four engine loads with TB10. As anticipated,

TB20, which has a lower energy content than TB10, shows a 9.2 % lower
BP than diesel. The three ether blends, TB10DEE10, TB10DME10, and
TB10TME10, show lower BP in the range of 9.2 to 9.5 %, 8.2 to 8.8 %,
and 8 to 9.4 %, respectively. Concerning the IP, all blended fuels show
lower IP than diesel. As can be seen from Fig. 12(b), IP is lower for TB10
than for TB20 and TB10DEE10. However, higher BP is noticed with the
TB10 than the other biodiesel and ether blends. Several interesting
factors involve the variation between BP and IP. The major factors for
the variation in BP and IP are the frictional and lubricating losses. In
internal combustion engines, the injected fuel can create such variations
due to the differences in physical properties. For instance, the fuel with
higher density can create higher frictional losses than the fuel with lower
density. In the case of fuels TB20 and TB10DEE10, the density of the
blend is high, and larger amounts of fuel were injected into the chamber
[96]. The lubricating properties vary the fuel; hence, the blend IP is
higher and BP is lower. Similar results with the variation in BP and IP
between the fuels can also observed in the study by Deka et al. [97].

3.3.3. Effect of engine load on thermal efficiency using diesel, biodiesel and
ether blends

The engine brake thermal efficiency (BTE) with respect to a wide
range of engine loading conditions using a variety of tested fuels is
displayed in Fig. 13(c). As seen in Fig. 13(c), the BTE increases with the
increase in engine load, irrespective of the fuels. The BTEs get a

Fig. 13. Effect of ethers on BTE at different loads when compared to diesel, TB10, and TB20.
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maximum at an engine load of around 75 % of the full and then decrease
again. A similar trend is also reported in the study by Vural et al. [98].
TB10 has shown better BTE compared to diesel and other blended fuels.
At 50 % and 75 % load conditions, TB10 demonstrated an increase in
BTE by 3.7 % and 4.8 %, respectively, compared to diesel. However, at
100 % load, TB10 showed a 2.7 % decrease in BTE than diesel. This is
due to the higher oxygen content of the TB10 compared to diesel, which
has caused improved combustion. However, the higher oxygen content
fuels such as TB20 and TB10-ether blends showed lower BTE because of
the blend’s lower calorific value and higher densities.

Fig. 13(a), 13(b), 13(d) and 13(e), shows the effect of TB10-ether
blends when compared to the diesel, TB10 and TB20. Though ether
blends have shown decreased emissions, BTE with the ether blends is
quite poor compared to diesel and TB10. At lower loads (Fig. 13(a)), the
TB10DEE10 blend has shown lower BTE compared to all the blends. This
is mainly due to the higher BSFC of the blend compared to others at 25%
load condition. Abebe Debella et al. [12] observed lower BTE at low
loads and increased BTE at high loads for the B20-DEE blends compared
to B20. At 50 % load (Fig. 13(b)), all TB10-ether blends show lower BTE
than diesel and TB10. The highest variations were found with ether
blends to diesel, followed by ether blends to TB10. TB10DEE10 showed
higher BSFC compared to TB20 at the 50 % load condition. It is inter-
esting to note that at 75 % engine load (Fig. 13(d)), the variations of BTE
are minimal, with ether blends to diesel, ether blends to TB10, and ether
blends to TB20. When compared to diesel at 100 % engine load, ether
blends showed inferior performance, while ether blends to TB20 had
somewhat better performance. The reason for increasing the BTEs with
DEE and TME at full engine load compared to TB20 needs further
investigation. In most cases, the lower BTEs with ether blends to diesel,
ether blends to TB10, and ether blends to TB20 are associated with the
lower energy content in the ether-diesel, ether-TB10 and ether-TB20
blends. Regarding BTE with oxygenated fuels/additives, the current
study aligns with the published articles [96,99,100].

4. Conclusion and recommendations

The study conducted the effect of oxygenated additives on biodiesel
combustion to reduce NOx and CO emissions. Three ethers: DEE, DME,
and TME, were blended at 10 % by volume with the TB10 blend, and the
results were compared with diesel, TB10, and TB20. The engine tests
were carried out at a constant speed of 2400 rpm and variable the load
condition. The following conclusions can be made from this study;

1) Adding three ethers to the TB10 blends has shown reduced NOx
compared to TB10. At 75 % load, ethers blend DEE, DME, and TME
with TB10 showed reduced NOx by 2.02 %, 6 %, and 6.6 %,
respectively, compared to TB10. However, higher NOx emissions
were recorded with ether blends compared to diesel.

2) CO emissions are less with the TB10DEE10 and TB10DME10 ether
blends than with diesel, TB10 and TB20. Overall, TB10DME10
showed lower CO than all the blends. At 100 % load, the addition of
DME10 has reduced the CO by 22.3 %, 45 %, and 38 %, compared to
diesel, TB10, and TB20, respectively. On the other hand, higher HC
emissions are noted for the ether blends compared to diesel and TB10
due to the blend’s higher density and lower calorific values.

3) TB10DEE10 has shown improved CHRR at 25 %, 50 %, and 75 %
loads due to its low viscosity. However, at 100 %, TB10DME10
showed better CHRR due to increased combustion rates of high-
density blend at higher load conditions.

4) Due to the lower calorific value of the ether blends compared to
diesel, peak pressure values are lower for the biodiesel-ether blends
than diesel. However, adding Ethers to the TB10 blend has increased
the peak pressures compared to TB10 and TB20. At 100 % load
conditions, ether blends TB10DEE10, TB10DME10, and TB10TME10
showed increased peak pressures by 1.1 %, 0.68 %, and 0.74 %,
respectively, compared to the TB10 blend.

5) Adding ethers to the TB10 blend has significantly increased the BSFC
compared to diesel and TB10. At 100 % load, TB10, TB20,
TB10DEE10, TB10DME10, and TB10TME10 showed increase in
BSFC by 11 %, 13 %,12 %, 14 % and 13 %, respectively compared to
diesel.

6) A slight reduction in BTE is noted for ether blends compared to
diesel. Among all the ether-TB10 blends, TB10DEE10 showed better
BTE. A slight variation in BTE is noticed by − 8%, − 1%, 0.23 %, and
− 3.8 % for TB10DEE10 compared to diesel at loads 25 %, 50 %, 75
%, and 100 % loads, respectively compared to diesel.

Overall, the study found that adding DEE10 to TucumaB10 has
shown better results in reducing CO, NOx, and BSFC and improving BTE.
The combustion of aspects of the ether blends needs more comprehen-
sive understanding. A detailed computational fluid dynamics study will
provide better understanding of the fuel behavior, particle dispersion
and combustion formation inside the chamber. In addition, more studies
are needed to assess the oxidative stability, tribological behavior and
cold flow performance of the ether-biodiesel blends.
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[90] Cihan Ö. Experimental and numerical investigation of the effect of fig seed oil
methyl ester biodiesel blends on combustion characteristics and performance in a
diesel engine. Energy Rep 2021;7:5846–56.

[91] Singh M, Sheikh MY, Singh D, Rao PN. Combustion characteristics of single
cylinder diesel engine fueled with blends of thumba biodiesel as an alternative
fuel. Materials Science Forum. Trans Tech Publ; 2019.

[92] Gnanasekaran S, Saravanan N, Ilangkumaran M. Influence of injection timing on
performance, emission and combustion characteristics of a DI diesel engine
running on fish oil biodiesel. Energy 2016;116:1218–29.

[93] Shrivastava P, Salam S, Verma TN, Samuel OD. Experimental and empirical
analysis of an IC engine operating with ternary blends of diesel, karanja and
roselle biodiesel. Fuel 2020;262:116608.

[94] Jeevanantham AK, Nanthagopal K, Ashok B, Al-Muhtaseb AAH, Thiyagarajan S,
Geo VE, Ong HC, Samuel KJ. Impact of addition of two ether additives with high
speed diesel- Calophyllum Inophyllum biodiesel blends on NOx reduction in CI
engine. Energy 2019;185:39–54.
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