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A B S T R A C T   

The study conducted an experimental investigation of diesel engine performance, emissions, and combustion 
characteristics using Tucuma and Ungurahui biodiesel blends. Higher yield (greater than 99.4%), lower viscosity 
than diesel, and higher cetane number of these fuels have motivated a comprehensive investigation of the effect 
of these fuels on diesel engines. Four blends were tested in the engine by keeping diesel as the benchmarking fuel. 
The engine was operated at full load conditions, and the results were investigated with respect to brake power 
(BP). Results indicate that biodiesel blends showed similar combustion behaviour to that of diesel. Next to diesel, 
TB10 and UB10 showed better brake thermal efficiency (BTE) and lower brake-specific fuel consumption (BSFC). 
Higher peak pressures and heat release rates (HRR) are observed for the TB10 compared to the diesel operation. 
Moreover, prolonged combustion was observed for the four biodiesel blends during the diffusion and late 
combustion phasing. With the increase in BP, slightly higher HC emissions are observed for all the blends except 
for TB10 compared to diesel. Similarly, a slight increase in CO emissions is also observed for all the blends at 
higher BP. Higher acid values of both fuels are the likely cause of increased HC and CO emissions at higher BP. 
NOx emissions are slightly higher for both fuels, among these UB10 has shown lower NOx than other blends. The 
study concludes that TB10 has demonstrated better performance (near diesel) and combustion rates (better than 
diesel); however, emissions like CO and NOx are slightly higher than others. The study recommends blending 
TB10 and UB10 with the alcohols, ethers, and nanoparticles as they can reduce NOx and CO emissions.   

1. Introduction 

In the transportation sector, diesel engines are significant consumers 
of fossil fuels and emit harmful greenhouse gas emissions [1]. At the 
same time, demand for diesel engines is also high because of their long- 
term durability and versatile applications in marines, agriculture, in
dustries, and the mining sector [2]. The regulations to reduce the carbon 
footprint have significantly impacted the transportation energy struc
ture. The rise in energy demands and prices and the depletion of fossil 
sources have opened the search for new clean energy sources with 
stringent regulations and goals to achieve sustainability in the trans
portation sector [3]. Recent studies have indicated that biodiesel is one 

of the alternative fuel sources for fossil fuel as it is a renewable type and 
has significantly reduced CO, HC, particulate matter, and sulfur emis
sions [4]. In 2020, the United States of America (USA) became the 
leading biodiesel producer, producing 200,000 barrels daily, 48 % of the 
world’s total biodiesel production [5]. Followed by Brazil, accounting 
for 28 %, and Germany and China, accounting for 3 % of the entire 
world’s biodiesel production, respectively [6]. According to the Inter
national Energy Agency (IEA) forecasts, the current production rate 
(main case), the biodiesel demand will increase by 52.9 billion litres in 
the next five years [7]. In the accelerated case, the demand will increase 
by 68.1 billion litres by 2028 [7]. Indonesia, the largest biodiesel pro
ducer in 2022, used mainly palm oil as the feedstock for biodiesel 
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production [8]. Meanwhile, the USA primarily uses soybean oils as 
feedstock for biodiesel production. Still, other major countries depend 
on edible feedstocks and seed oils to produce biodiesel [9]. Extensive 
investigations have been conducted worldwide for the non-edible 
feedstock termed the second-generation feedstock for biodiesel pro
duction [10]. 

A variety of feedstocks were used to prepare biodiesel fuels to make 
their production more economically viable. Second-generation feed
stocks are one of the most viable sources for producing biodiesel as they 
have high lipid content and are widely available. Non-edible, eco- 
friendly, low production cost and the fact that it can be cultivated in 
barren lands are the advantages of the second generation of biodiesel 
fuels [11]. A few second-generation biodiesel feedstocks such as Jatro
pha, Karanja, Calophyllum Inophyllum [12], Neem [13], Mahua [14] 
and Rubber seed [15] oils are widely investigated and reported. It is 
found that fatty acid methyl esters influence the combustion and emis
sions parameters. The fatty acid profiles affect biodiesel properties such 
as oxidative stability, cloud point, density, kinematic viscosity and ce
tane number [16]. Major fatty acid compositions are Methyl palmitate 
(C17H34O2, C16:0), Methyl oleate (C19H36O2, C18:1), Methyl stearate 
(C19H38O2, C18:0) and Methyl linoleate (C19H34O2, C18:2). For 
instance, oleic methyl ester (OME) has the higher molecular weight 
296.5 g/mol [17], compared to palmitic methyl ester (PME) 270.45 g/ 
mol [18], hence high density is noted for biodiesel with high OME 
content than PME. For instance, there is more OME content in Jatropha 
(60.70 wt%) than soybean (23.70 wt%), and higher density is noted for 
the Jatropha than soybean [19]. The composition of fatty acid methyl 
esters governs the biodiesel fuel properties [20]. The physiochemical 
property of the biodiesel varies with the feedstock type, and plenty of 
other feedstock needs attention. Hence, the study reviewed over 150 
feedstocks and their fatty acid profiles and selected Tucuma and 
Ungurahui as new feedstocks because of their high lipid fat content. 
Their usage in diesel engines was tested and presented in this study 
[21–25]. 

A comprehensive investigation is needed for the Tucuma and 
Ungurahui to study their effect on diesel engine performance and 
emissions. Tucuma and Ungurahui fatty acid contents are similar to 
other biodiesel feedstocks such as Rapeseed [26], soybean [27], Jatro
pha [28], palm [28], P. chinesis [29], waste cooking oil [30] and others. 
However, the combustion behaviours will differ for all the biodiesel 
types as their FAME composition varies individually. For instance, 
Shameer and Ramesh [31] conducted engine tests with waste cooking 
oil and camphor oil and found that the fuel combustion rates varied from 
feedstock to feedstock. Lower brake thermal efficiency (BTE) and lower 
peak cylinder temperatures are noted for camphor biodiesel with 
reduced NOx emissions. Several researchers revealed that biodiesel en
gine tests showed increased brake thermal efficiency (BTE) [32,33], 
increased brake specific fuel consumption (BSFC), reduced carbon 
monoxide (CO) and hydrocarbon (HC) [34], and increased Nitrogen 
oxides (NOx) emissions [35]. Biodiesel fuels have exhibited several 
interesting factors due to their physical composition, operating condi
tions, and their blend mixing proportions. For instance, Habibullah et al. 
[36] conducted experimental analysis with coconut and palm oil bio
diesel blended with diesel. The study reported a reduction in CO and HC 
by 13.75 % and 17.97 %, respectively, for both fuels compared to diesel 
fuel operation. However, palm oil has higher NOx than coconut biodiesel 
[36]. The main reason behind reduced NOx for coconut oil is the pres
ence of higher saturated fatty acids [37]. 

The scope of this article is to present the effect of two new feedstocks, 
Tucuma and Ungurahui, and their behaviours during engine operation. 
During the biodiesel conversion process, both oils showed higher con
version yields greater than 99.4 %, and this has drawn much attention 
and motivated authors to further investigate the effect of these oils on 
diesel engines. Hence, the study further aims to examine how Tucuma 
and Ungurahui biodiesel blends affect diesel engine performance, 
combustion, and emissions. The experiments were conducted at full load 

conditions with speeds ranging from 1200 rpm to 2400 rpm. The test 
results are presented showing the effect of performance and emission 
patterns with respect to the power (BP). 

The biodiesel conversion process, blending of Tucuma and Ungur
ahui oils, and the physiochemical properties and FAME composition of 
these fuels are presented in the article. Biodiesel engine performance 
parameters such as BTE, BSFC, volumetric efficiency, brake mean 
effective pressure (BMEP) and BSFC are reported with respect to BP. The 
emission parameters, including CO, carbon dioxide (CO2), HC and NOx 
are presented. Combustion parameters are investigated with respect to 
fuel heat release rates (HRR), in-cylinder pressures and mass fraction 
burnt (MFB). Finally, the study presents its major findings and recom
mendations from this investigation. 

2. Materials and methods 

2.1. Materials 

Tucuma and Ungurahui oils were obtained from the renowned USA- 
based company − Nature in Bottle. Tucuma and Ungurahui are native to 
the Amazon, and their pulp contains high lipid content [38]. Tucuma 
has 40 to 75 % lipids in its pulp and approximately 40 % in its kernels 
[39]. Hence, these high-lipid, non-edible oils can serve as the prospec
tive feedstock for biodiesel production [40]. Similarly, Ungurahui oil is 
also a family of Arecaceae (palm) that needs to be adulterated before 
being used as an edible oil. Ungurahui is also rich in lipid content and 
has 51.6 % of the dry weight of oil [41], which is higher than the sun
flower (up to 45 %), Canola (40 % to 45 %) and Olive (18 % to 35 %) 
[42,43]. Westlab Pty. Ltd. Australia supplied high-grade potassium hy
droxide (KOH) and methanol for transesterification. Finally, the diesel 
fuel is obtained from the Ampol Petroleum Company and used for engine 
operations and biodiesel blends. 

2.2. Biodiesel conversion and its blend preparation 

Tucuma and Ungurahui biodiesel fuels were produced from the 
transesterification process utilizing optimized parameter conditions. 
The transesterification process converts triacyl-glycerides in the bio-oil 
to methyl esters, yielding glycerol as a byproduct. Tucuma and Ungur
ahui oils are mixed with methanol in the presence of active catalyst 
potassium hydroxide (KOH) at optimized temperature and time condi
tions. A total of 27 experiments were conducted at three levels: catalyst 
range (0.5 wt% to 1.5 wt%), Methanol to oil molar ratio (5:1 to 7:1), 
reaction temperature (50 ◦CA to 70 ◦CA) and reaction time (50 min to 
70 min). The optimized conditions for producing Tucuma and Ungur
ahui biodiesel fuels were achieved using the response surface method in 
conjunction with a Box-Behnken design matrix. For Tucuma biodiesel, a 
7:1 methanol to oil molar ratio, 0.5 % (w/w) KOH catalyst amount, 70 
min reaction time, and 53 ◦CA temperature conditions are used to yield 
99.6 %. Whereas for Ungurahui biodiesel, a 5.9:1 methanol to oil molar 
ratio, 0.5 % (w/w) KOH catalyst amount, 50 min reaction time, and 
70 ◦CA temperature conditions were used to yield 99.5 %. 

The biodiesel blends were prepared by keeping fossil diesel as the 
baseline fuel. Biodiesel blends were modified with different proportions 
of biodiesel content while maintaining the baseline diesel in the mixture. 
That means TB10 (10 % Tucuma + 90 % diesel by volume), TB20 (20 % 
Tucuma + 80 % diesel by volume), UB10 (10 % Ungurahui + 90 % diesel 
by volume) and UB20 (20 % Ungurahui + 80 % diesel by volume). The 
biodiesel and diesel blends are prepared as a batch of 4 L in a five liters 
conical flask using a magnetic stirrer. The stirrer was maintained at a 
constant speed of 500 rpm at temperatures around 26 ± 1.5 ◦CA for a 
duration of 60 min. 

2.3. Fuel characterization and FAME test 

Table 1 presents the percentages of fatty acid methyl esters (FAME) 
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in Tucuma and Ungurahui biodiesel fuels. FAME tests were conducted 
using Gas chromatography- Mass spectrometry, where the individual 
tests were carried out for each sample, and the averages of each sample 
were presented in Table 1. Tucuma methyl esters contain mainly oleic 
(448.87 %), palmitic (25.69 %), linoleic (12.56 %) and stearic (11.8 %). 
Ungurahui has mainly oleic (52.11 %), palmitic (23.80 %), Linoleic 
(10.64 %), and stearic (9.56 %). The composition range for both Tucuma 
and Ungurahui is similar because they belong to the same family of 
Arecaceae. The physicochemical properties of biodiesel were measured 
in accordance with the corresponding ASTM biodiesel standards to 
ensure the fuel’s suitability for engine tests and are presented in Table 2. 
The density for each sample was tested using ASTM D1298 standards at 
15 ◦CA, where the density of Ungurahui (880.3 kg/m3) exceeds that of 
Tucuma (879.1 kg/m3) methyl ester. The higher density is primarily 
attributed to the higher content of methyl oleate in Ungurahui than in 
Tucuma. Viscosity for both fuels is noted at 4.0 mm2/s at 40 ℃, which 
closely resembles that of diesel fuel. The calorific value of Tucuma 
(39.87 MJ/kg) is observed to be higher than Ungurahui (39.82 MJ/kg), 
but both fall short in comparison to diesel (45.7 MJ/kg). Table 2 shows 
higher flash, cloud, and pour points observed for Tucuma and Ungur
ahui than diesel. This is due to vegetable oils have higher flash and fire 
points [44]. These properties affect the cold flow properties, mainly due 

to saturated fatty acids. These saturated fatty acids have higher melting 
points than unsaturated fatty acids [45]. Unsaturated fatty esters are less 
in Tucuma (58.03 %) than in Ungurahui (63.23 %). Meanwhile, satu
rated fatty acids are more prevalent in Tucuma (41.9 %) than in 
Ungurahui (36.7 %). The cloud point mainly depends on saturated fatty 
acids and is higher for Tucuma (8 ℃) than Ungurahui (6 ℃). Higher acid 
values are noted for Ungurahui than in Tucuma. Moreover, the Ungur
ahui acid value is slightly higher than the standard biodiesel. Overall, as 
per ASTM D6751 standards, favorable properties are noticed in both the 
biodiesel blends and indicating their suitability for use in diesel engines. 

2.4. Engine setup and experimentation 

Fig. 1 presents the schematic diagram illustrating the experimental 
setup of the Kubota V3300 4-stroke diesel engine test rig that was 
employed to perform tests. The setup consists of an engine, an eddy 
current dynamometer, a data acquisition system, and a 5-gas analyzer. 
The engine specifications are summarized in Table 3 [47,48]. The ex
periments were conducted under full load conditions and varied speeds 
to examine the performance, combustion, and emission characteristics 
according to the SAE J1995 engine test standard. Before taking the 
reading, the throttle was set to a maximum, and the engine was operated 
at 1200 rpm for 10 min to ensure its stability. The initial tests were 
conducted using pure diesel fuel, and the readings were recorded using 
data acquisition systems. Subsequently, a similar procedure was 
continued with the biodiesel blends. At each run, the leftover fuel was 
pumped from the tank to let the target fuel pass into the engine cylinder. 
Moreover, the engine was allowed to run for 10 min before recording the 
new data set with new fuel blends. During all the experiments (diesel, 
TB10, TB20, UB10, and UB20), the engine was maintained at full load 
condition, while the speed was adjusted within the range of 1200 rpm to 
2400 rpm, with a stepwise increment of 200 rpm. Two sets of data were 
recorded for each experiment at different time intervals to ensure the 
precision of the recorded data. 

2.5. Theoretical evaluation 

2.5.1. Performance parameters estimation  

1) Brake power (BP) represents the power obtained at the engine shaft 
output, and the engine BP can be calculated using Eq. (1) [49]. 

BP =
2πNT

60 × 1000
(1)  

where BP is in kW, T refers to the engine’s torque in N.m, measured 
using a dynamometer, and N denotes engine speed in rpm.  

2) Brake thermal efficiency is the amount of work produced from the 
fuel energy supplied and estimated from Eq. (2) [50]. 

BTE(%) =
BP

mf × Fuelcalorificvale
(2)  

where mf is the mass flow rate of the fuel in kg/hr.  

3) Brake-specific fuel consumption (BSFC) refers to the rate of fuel 
consumption rate with respect to the engine power and can be 
computed using Eq. (3) [49]. 

BSFC(kg/kW.h) =
mf

BP
(3)    

4) Brake mean effective pressure is estimated from Eq. (4). 

Table 1 
FAME composition of Tucuma and Ungurahui biodiesel fuels.  

Methyl ester name Profile Tucuma (% area) Ungurahui (% area) 

Dodecanoic C12:1 0.33 −

Tetradecanoic C14:1 1.72 0.56 
Palmitic C16:0 25.69 23.80 
Palmitoleic C16:1 0.162 0.12 
Heptadecanoic C17:0 0.182 −

Stearic C18:0 11.79 96. 
Oleic C18:1 44.87 52.11 
linoleic C18:2 12.56 10.64 
Linolenic (6, 9, 12) C18:3 0.1 −

Linolenic (9, 12, 15) C18:4 0.16 0.15 
Eicosanoic C20:1 0.87 0.72 
11-Eicosenoic acid C20:2 0.17 0.21 
Docosanoic acid C22:0 1.02 1.71 
Tetracosanoic acid C24:0 0.35 0.37 
Total peak area  100 100 
Total unsaturated %  58.04 63.23 
Total saturated %  41.97 36.77  

Table 2 
Physicochemical properties of Tucuma and Ungurahui biodiesel fuels as per 
ASTM standards.  

Property Test 
standard 

Tucuma Ungurahui ASTM D6751 
standard 
biodiesel [46] 

Diesel 

Density at 
15 ◦C (kg/ 
m3) 

ASTM 
D1298 

879.1 880.3 860–890 832 

Viscosity at 
40 ◦C 
(mm2/s) 

ASTM 
D445 

4.0 4.0 1.9–6.0 mm2/s 4.1 

Calorific 
value 
(MJ/kg) 

ASTM 
D240 

39.87 39.82 − 45.7 

Cetane 
index 

ASTM 
D613 

48.2 48.2 Minm 47 44 

Flash point ASTM 
D93/IP 34 

186 176.5 Minm 100 62 

Cloud point 
(◦C) 

ASTM 
D2500 

8 4 Report − 8.6 

Pour point 
(◦C) 

ASTM 
D97/IP 15 

6 − 6 − − 15 

Acid value 
(mgKOH/ 
g) 

ASTM 
D664 

0.47 0.56 Maxm 0.5 −
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BMEP(bar) =
BP × 60

L × V ×

(
N
n

)

× No.ofcylinders × 100
(4)  

L represents stroke length (m), A refers to piston volume (m3), and n is 2 
for four-stroke engines.  

5) Volumetric efficiency is the ratio of air intake to the engine swept 
volume and can be calculated using Eq. (5). 

η v(%) =
BP × 60

L × A ×

(
N
n

)

× No.ofcylinders × Dair × 60
× 100 (5)  

where Dair is the density of air in Kg/m3  

6) Brake specific energy consumption (BSEC) is to evaluate the engine 
performance and can be calculated using Eq. (6) [51]. 

BTE(%) =
mf × Fuelcalorificvale

BP
(6)  

2.5.2. Combustion parameter estimation  

1) Heat release rate (HRR) was derived from the pressure values using 
the first law of thermodynamics, which can be calculated using Eq. 
(7) [52]. 

dQnet
dθ

=
γ

γ − 1
p

dV
dθ

+
1

γ − 1
v

dP
dθ

(7)  

where Qnet is the heat release rate (J/◦CA), v and p denote in-cylinder 
volume (m3) and pressures (Pa) at that crank angle, and γ indicates 
the ratio of specific heats.  

2) The mass fraction burnt inside the cylinder helps identify the start 
and finish of the combustion and can be calculated using Eq. (8), 
[53,54]. 

MFB =

∑i
0ΔP

∑N
0 ΔP

(8)  

where ΔP is the pressure rise during the change of each crank angle. 

3. Results and discussions 

3.1. Performance graphs 

3.1.1. Variation of BTE and BSFC with respect to BP 
Fig. 2 illustrates the BTE and BSFC with respect to BP. BTE and BSFC 

are the primary indicators used to determine engine performance. BSFC 
indicates the energy consumption rate, whereas BTE provides informa
tion on the energy utilization rate. BSFC has shown an inverse trend to 
the BTE with respect to BP. Compared to other biodiesel fuels, diesel 
showed a notable decrease in BSFC. For all the fuels, the BTE trend in
creases with increasing BP and decreases with further increases in BP. 
The maximum BTE was observed for diesel (35.45 %), followed by TB10 
(31.95 %) and TB20 (31.36 %) at mid-BP conditions. Meanwhile, for 
Ungurahui blends UB10 (31.91 %) and UB20 (31.31 %), higher BTE is 
observed after the mid-BP (mid-speed conditions). Diesel has the highest 

Fig. 1. Schematic diagram of engine test equipment.  

Table 3 
Specification of the engine and emission analyzer.  

Engine Specification Accuracy of emission analyzers 

Engine model Kubota V3300 Parameter (range) Accuracy 

Type Vertically water- 
cooled 

O2 (0–25 %vol) ±0.1 % abs 

Number of 
cylinders 

4 NOx (0–5000 vol 
ppm) 

±20 ppm 
abs 

Bore x stroke (mm) 98 x 110 HC (0–3000 ppm 
vol) 

±4 ppm abs 

Total displacement 0.003318 m3 CO (0–15 %vol) ±0.02 % abs 
Compression ratio 22.6:1 CO2 (0–20 %vol) ±0.3 % abs 
Injection timing 16 ◦CA before TDC   
Injection pressure 13.73 Mpa    
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calorific value, followed by Tucuma and Ungurahui; hence, the BTE 
trend is in the range of higher to lower calorific value of the fuels. As 
seen in Fig. 2, for all the fuels, reduced BSFC is observed with increased 
BP (till mid-speed conditions), and an increase in BSFC trend is noted 
with a further increase in BP. At lower BP, BSFC for TB10, TB20, UB10 
and UB20 fuels increased by 9.09 %, 14.8 %, 9.49 % and 10.72 %, 
respectively, compared to diesel. Similarly, at higher BP, BSFC is 
increased for TB10, TB20, UB10 and UB20 fuels by 10.53 %, 10.83 %, 
9.21 % and 9.35 %, respectively, compared to diesel. At lower BP (lower 
speeds), higher BSFC results from increased time-lapse for heat losses 
from combusted gas to the cylinder chamber. The difference in the trend 
between diesel and biodiesel fuels is mainly due to the time available to 
complete one cycle. At lower speeds, BSFC rises due to prolonged time 
duration for heat losses from the gas to the cylinder and piston wall [55]. 
At high speeds, the time available for combustion causes a lapse for 
biodiesel (lower energy fuel) combustion than diesel fuel. Throughout 
the injection period, the higher bulk modulus of the biodiesel causes it to 
slip more into the combustion chamber, even when injected at the same 

rate as diesel [56,57]. The difference in physical properties of biodiesel, 
such as its higher density and viscosity, causes an inefficient distribution 
of fuel droplets, thereby causing inferior volatility to injected fuel par
ticles. The combustion rates became poorer in such conditions as these 
rates highly depend on the mixture-based conditions [58]. Hence, to 
achieve the desired rated power output, higher amounts of biodiesel are 
required than diesel. 

3.1.2. Variation of volumetric efficiency and BMEP with respect to BP 
Fig. 3 shows the effect of BP on the engine’s volumetric efficiency 

and BMEP. The engine’s volumetric efficiency decreases with increasing 
BP (increasing speed) for all the fuel blends. This is mainly due to airflow 
restrictions in the air filter, intake manifold, and intake valves at high 
speeds [59]. These restrictions impact the volumetric losses of air 
entering the system. The adequate time for filling the engine cylinder 
with the charge at low speeds leads to higher volumetric efficiency. 
According to Ağbulut et al. [60], higher volumetric efficiency increases 
the combustion period and decreases the heat and friction losses and gas 

Fig. 2. Effect of variation in BP with respect to BTE and BSFC.  

Fig. 3. Effect of variation in BP with respect to volumetric efficiency and BMEP.  
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leakages. At low BP, higher volumetric efficiency is noted for diesel 
(80.68 %), followed by UB10 (80.97 %), UB20 (80.18 %), TB20 (79.92 
%) and TB10 (78.19 %). At higher BP, lower volumetric efficiency is 
noted for TB10 (68.26 %), followed by diesel (68.31 %), UB10 (68.32 
%), TB20 (68.43 %) and UB20 (69.05 %). It is evident from Fig. 3 that 
biodiesel experiences a more pronounced reduction in volumetric effi
ciency compared to diesel fuel. This is because the elevated tempera
tures caused by the higher BSFC impact the mass of the drawn air. Also, 
higher temperatures (either due to high speeds or high loads) inside the 
chamber reduce the mass of intake air, consequently lowering the 
volumetric efficiency [59]. The volumetric efficiency is also involved 
with the BMEP as the BMEP, as it is the pressure imposed on the piston 
head. Both volumetric efficiency and BMEP showed a reduced trend 
with the increasing BP. 

3.1.3. Variation of EGT and BSEC with respect to BP 
Fig. 4 presents the comparison of EGT with the BSEC with respect to 

the BP. With the increasing BP, BSEC is reduced till mid-BP and increases 
with further increase in BP. The variations presented in Fig. 4 are 
calculated as the relative values at varying BP. The BSEC is higher for 
biodiesel fuels than diesel fuel; moreover, it is noted that BSEC increases 
with the increasing proportion of biodiesel in the blend [61]. As pre
sented in Fig. 4, TB20 showed higher BSEC compared to TB10 at all BP 
conditions. Similar findings have been reported in studies conducted by 
Emma et al. [62] and Venu et al. [63]. EGT increases with the increasing 
BP, and biodiesel exhibited higher EGT compared to diesel because of 
the higher specific fuel consumption. Ungurahui oil has a higher EGT 
because both UB10 and UB20 have lower energy content, necessitating 
increased fuel consumption to compensate for the rated power [64]. The 
higher specific fuel consumption values increase the combustion tem
peratures and elevate the EGT [65]. Among the Tucuma blends, TB10 
has shown higher EGT than TB20. At mid BP 34 kW to 42 kW, TB10 has 
shown lower EGT compared to UB10, and UB20, but at higher BP, TB10 
has shown a slight increase in EGT compared to other blends. 

3.2. Emissions 

3.2.1. Impact of BP on HC emissions 
Fig. 5 demonstrates the comparison of HC and EGT with respect to 

the brake power. In diesel engines, unburnt hydrocarbon emissions are 
formed mainly due to improper combustion [66]. Indeed, biodiesel has a 
significant effect on reducing HC emissions. However, these emissions 
also depend on engine design and injection rates [67]. For instance, 
heterogeneous mixture formation (lean/rich), fuel wall wetting to the 
cold cylinder walls [68], cylinder chamber crevice volume, irregular 
piston bowl and engine operating conditions [50,69]. Higher HC emis
sions are observed at lower BP and then decrease with the increasing BP. 
At low BP (lower speeds), a small amount of fuel is injected with large 
amounts of excess air into the chamber. The insufficient formation of 
air–fuel mixture inside the chamber causes the poor distribution of fuel, 
which reduces the mean gas temperature. The unburnt lean mixture that 
escapes through exhaust causes higher HC emissions at lower speeds. 
The effect of biodiesel on the HC emissions can be seen in Fig. 5. Diesel 
fuel has higher HC emissions, followed by UB10, TB10, UB20 and TB20. 
The trend suggests that the HC emissions decrease with the increase in 
biodiesel in the blend. Though better combustion happens for diesel 
fuel, higher HC emissions are noticed in the BP range of 28 kW to 36 kW. 
This is due to the chemical structures of biodiesel, where HC gets 

Fig. 4. Effect of variation in BP with respect to EGT and BSEC.  

Fig. 5. Effect of Tucuma and Ungurahui oils on HC emissions with respect 
to BP. 
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oxidized because of higher oxygen content in the biodiesel [70]. For 
instance, Liu et al. [38] observed a similar trend, where the team re
ported that four different biodiesel and ethanol blends revealed lesser 
HC emissions than pure diesel. It is also notable that HC emissions are 
higher at higher speeds for the TB20, UB10 and UB20 biodiesel blends. 
This is mainly because of the higher acid value of the Tucuma and 
Ungurahui biodiesel. Higher cetane numbers of Tucuma and Ungurahui 
biodiesel also affect the combustion delay, impacting the HC emissions 
[71]. A higher cetane number reduces the ignition delay, and at high 
speeds (higher BP ranges), less time is available for the HC emissions to 
get oxidized. At the same time, high-density biodiesel takes time to get 
adequately combusted in the span of microseconds. Hence, higher HC 
emissions are noticed for biodiesel than diesel at BP 36 kW to 49 kW. 
Overall, TB10 has shown better results than all the other blends, 
including benchmarking diesel fuel. 

3.2.2. Effect of BP and EGT on NOx emissions 
For all the fuels, the NOx emissions increased from 39 kW to 41 kW 

and then decreased. There are several arguments stating that the pres
ence of higher oxygen content in biodiesel causes higher NOx emissions 
[57]. Due to the lower calorific value of the biodiesel, more significant 
amounts of biodiesel premixed charge get combusted inside the cham
ber and cause higher NOx emissions. Several authors argue that higher 
speeds generate high temperatures due to increased power generation, 
consequently leading to elevated NOx emissions [72,73]. An increase in 
dynamic power increases the temperatures, which can impact NOx 
levels. However, upon examining the NOx trend in Fig. 6, it is evident 
that diesel exhibited higher BP compared to biodiesel fuels, yet NOx 
emissions are lower for diesel fuel. It is mainly due to the higher BSFC, 
that has caused higher in-cylinder temperatures for the biodiesel. 
Though biodiesel has consumed more fuel, it has not compensated for BP 
as diesel has. Additionally, biodiesel combustion has shown elevated 
temperatures due to higher fuel consumption. As can be seen from Fig. 6, 
higher EGT is noticed for biodiesel fuels than diesel. The study has 
considered peak cylinder temperature conditions as a reference with 
EGT, as both are directly proportional. The EGT for UB20 is higher, 
hence the higher NOx emissions. Though UB20 has revealed more 
elevated BP, it has high EGT, which has caused higher NOx emissions. 

3.2.3. Effect of BP on CO and CO2 emissions 
Fig. 7 illustrates the CO and CO2 emissions with respect to BP for 

both Tucuma and Ungurahui biodiesel fuels at full load conditions. It 
shows that higher CO emissions are observed at lower BP (near values of 

25 kW to 35 kW) and start a sudden decrease with the increase in BP (36 
kW to 46 kW). On the other hand, higher CO2 emissions first decrease 
with increased BP (near values of 26 kW to 38 kW) and then start rising 
at BP above 39 kW. As predicted, higher CO emissions are noted for 
diesel fuel (hydrocarbon fuel) compared to biodiesel fuel (oxygenated 
fuel). Increased CO emissions from diesel fuel are observed due to partial 
combustion of hydrocarbons. When combustion happens in higher air
–fuel mixtures with insufficient amounts of oxygen, it causes partial 
oxidation of hydrocarbons and leads to higher CO emissions. As depicted 
in Figs. 7 and 8, at more elevated BP, higher CO emissions are noticed for 
biodiesel blends compared to diesel. This is primarily attributed to the 
higher acid number of biodiesel fuels, as indicated in Table 3. Similar 
results are also observed by Agarwal et al. [74] and El-Zoheiry et al. 
[75], where increased CO emissions are noted for Jojoba biodiesel fuel 
due to its higher acid value exceeding the standard biodiesel limit. 
Compared to diesel, biodiesel has higher oxygen content in its chemical 
structures, influencing the combustion process and oxidising CO to CO2 
[76]. Hence, higher CO2 emissions are observed with biodiesel blends 
compared to diesel fuel. Similar findings are also observed in studies by 
Coronado et al. [77], Thiyagarajan et al. [78] and Abed et al. [79]. 

The rate of oxidation depends on the temperatures inside the 
chamber. For instance, Fig. 8 depicts that the CO emissions are 
decreased with the increase in EGT. The high activation temperature 
oxides the hydrocarbon and release CO2 emissions, as presented in Eq. 
(9). 

CO+
1
2
O2→CO2 +Heat (9)  

3.3. Combustion characteristics 

3.3.1. In-cylinder pressure 
Fig. 9 illustrates the cylinder pressure variation for the TB10, UB10, 

TB20 and UB20 against the crank angle at 2400 rpm and full load 
conditions. The fuel type, air–fuel ratio, and engine operating condition 
influence peak pressure. Two peaks of cylinder pressure have been 
observed for all the fuels. Maximum peak is observed for the UB10 with 
66.77 bar followed by UB10, Diesel, UB20, UB20 and UB10 with values 
66.73 bar, 66.34 bar, 66.01 bar and 65.66 bar, respectively. On the 
second peak, TB10 showed maximum pressure observed as 60.31 bar, 
followed by UB10, UB20, TB20 and diesel with pressure values of 59.59 
bar, 59.55 bar, 59.36 bar and 56.53 bar, respectively. As mentioned 
earlier, biodiesel has a higher viscosity and degree of evaporation, which 

Fig. 6. Effect of Tucuma and Ungurahui oils on HC emissions with respect to BP.  
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causes prolonged combustion [80]. As shown in Fig. 9, secondary peaks 
for the biodiesel blends are higher than the first due to the prolonged 
combustion. The higher viscosity and density of the fuels affect the 
droplet size, spray development and formation during combustion [81]. 

3.3.2. Heat release rate (HRR) 
The net HRR for the Tucuma and Ungurahui biodiesel with respect to 

the crank angle is presented in Fig. 10. The study considered combustion 
analysis at full load conditions and at 2400 rpm to examine the peak 
heat release rates occurring at those conditions. Fig. 10 shows higher 
heat release rates for the TB10 and UB10 than for the diesel fuel. It is 
noted that a negative HRR trend is observed after the injection 
(352 ◦CA), where the combustible mixtures exhibit cooling effects as a 
result of fuel vapourization during the ignition delay period. TB10 has 

shown a higher peak of HRR at 371 ◦CA compared to all other fuel 
blends. In the case of TB10 and UB10, the marginal increase in BSFC has 
caused the peak HRR. The trend suggests that the HRR was decreased 
with the increase in biodiesel percentage in the blend. The lower calo
rific value of the biodiesel is one of the main reasons for the reduced 
HRR. Moreover, lower HRR for the UB20 and TB20 fuels are observed in 
the premixed combustion phase. Fuel density and viscosity have a sig
nificant effect during the premixed stage. Due to the higher density and 
viscosity of the biodiesel, the injected fuel droplets lose their kinetic 
energy on their way to better fuel atomization [82]. Though diesel has 
shown lower peak HRR during the premixed phase, higher HRR is 
noticed in the diffusion and late combustion phases. Lower viscous fuels 
increase fuel atomization and lead to a higher fuel evaporation rate, 
which increases the in-cylinder pressure and temperatures [83]. 

Fig. 7. Effect of variation in BP on CO and CO2 emissions.  

Fig. 8. Effect of BP and EGT on CO emission.  
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For the cases of TB10 and TB20, shorter premixed combustion is 
observed than diesel fuel because of the early start of combustion (SOC). 
So, due to early SOC, the premixed fuel accumulates near the ignition 
delay period, which rapidly gets combusted and leads to high HRR for 
TB10 and TB20 fuels. A higher cetane number of biodiesel also plays a 
significant role in achieving a shorter ignition delay period with a high 

HRR. 

3.3.3. Mass fraction burnt (MFB) 
Fig. 11 presents the MFB of the investigated fuels at full load con

ditions. As depicted in Fig. 11, diesel has higher mass fraction burnt 
rates than others at 25 %, 50 % and 75 % burnt conditions. The main 

Fig. 9. In-cylinder pressure data for different biodiesel fuels at 2400 rpm and full load.  

Fig. 10. Variation of heat release rate for Tucuma and biodiesel blends 2400 rpm and at full load.  
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reason is the larger spray droplets of biodiesel fuels compared to fossil 
diesel fuel. Fuel atomization time is longer for biodiesel fuels than diesel, 
which takes longer to get distributed into the chamber [84,85]. Similar 
results are also observed in the studies, where diesel exhibits a higher 
burnt rate than biodiesel fuel [86]. In the initial stages (25 %) and mid- 

stages (50 %), the burnt rate of UB20 showed a faster MFB than all other 
blends. During the 75 % mass fraction, the burnt rate is observed more 
for TB10, followed by UB20, TB20 and UB10. This is mainly due to 
biodiesel’s higher boiling temperature range, which delays the SOC 
[86]. 

Fig. 11. Mass fraction burnt rates for Tcuma and biodiesel blends 2400 rpm and at full load.  

Fig. 12. Relationship between pressure and HRR for diesel fuel at 2400 rpm and full load condition.  
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3.3.4. Comparison of the relationship between pressure and HRR for 
different biodiesel blends 

Figs. 12 to 16 illustrate the relationship between the pressure and 
heat release rate for the diesel, Tucuma and Ungurahui biodiesel blends. 
The SOC is early for biodiesel fuels compared to diesel fuel. SOC for 
diesel occurs early for UB20 at 366 ◦CA, followed by TB20, TB10, and 
UB10 and diesel at crank angles 367 ◦CA, 368 ◦CA, 369 ◦CA and 
370 ◦CA, respectively. Even though no general conclusion can be drawn, 
it is observed that shorter ignition delay is observed for the higher 
biodiesel blends (TB20 and UB20) compared to UB10, TB10 and diesel 
fuel blends. Senatore et al. [87] observed from their investigation that 
ignition delay is shortened for soybean methyl ester compared to diesel. 
The authors attributed this to the lower viscosity of soybean methyl 
esters compared to diesel. In one study, Banapurmath et al. [45] 
revealed longer ID for honge, jatropha and sesame biodiesel fuels 
compared to diesel. 

Peak pressures will greatly influence the HRR, which varies with 
blends. For all the blends in Figs. 12 to 16, the significant peak pressures 
(red regions from the contour graphs), can be observed near the com
bustion stage and during the injection period. The pressure distribution 
across the combustion stroke is different for all the fuels. It can be seen 
that high pressure is noticed more for the TB10 fuel during diffused and 
late combustion stages. Less peak pressure distributions are noticed with 
the higher biodiesel fuel blends, TB20 and UB20. 

4. Conclusion and recommendations 

The study conducted an experimental investigation of diesel engine 
performance, emissions and combustion characteristics using two pro
spective biodiesel blends. Four blends were prepared, tested, analyzed, 
and compared with diesel fuel. The following conclusions are drawn 
from this study.  

1) The maximum BTE (35.45 %) is noted for diesel fuel, followed by 
TB10 (31.96 %), TB20 (31.34 %), UB10 (32.56 %), and UB20 (32.11 
%). At lower BP, BSFC for TB10, TB20, UB10 and UB20 fuels 

increased by 11.2 %, 14.78 %, 11.623 % and 20.88 %, respectively, 
compared to diesel. Similarly, at higher BP, the BSFC is increased for 
TB10, TB20, UB10 and UB20 fuels by 11.27 %, 13.25 %, 27.84 % and 
28.38 %, respectively, compared to diesel,  

2) The blend TB10 has shown a lower HC emission than other blends. 
Compared to diesel, TB20, UB10, and UB20 have shown reduced HC 
at lower BP and slightly increased with the increase in BP. Similarly, 
higher CO emissions are noted for Tucuma and Ungurahui blends at 
higher BP. Moreover, higher NOx emission is observed for the UB20, 
followed by TB10, UB10, TB20 and diesel fuel. 

3) More peak pressure values are noted for the TB10 (60.31 bar), fol
lowed by UB10 (59.59 bar), UB20 (59.55 bar), TB20 (59.36 bar) and 
diesel (56.53 bar). Longer combustion phasing is noticed in all the 
blended fuels compared to diesel TB20, and UB20 has shown early 
SOC compared to TB10, UB10 and diesel, leading to shorter ID.  

4) Compared with diesel, TB10 ensures better combustion and reduces 
HC and CO2 with a slight increase in CO and NOx emissions. 
Compared to other blends, TB20, UB10, and UB20, TB10 has shown 
better performance, lower BSFC, lower HC, high HRR, and a higher 
peak pressure rise. Overall, TB10 has demonstrated better results 
followed by diesel. 

The study recommends further investigation on combustion strate
gies, such as chamber modifications and injection parameter alterations 
to reduce NOx with TB10. In future, the research may focus on the 
feasibility of adding alcohols, esters, and nanoparticles to these blends to 
reduce harmful NOx emissions. It is also recommended to consider the 
Tucuma blend for commercial application as the experimental conver
sion rate results showed higher yield and better performance similar to 
that of diesel. 
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