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Abstract  In the variable compression ratio (VCR) diesel 
engine test setup, the palm oil methyl ester (biodiesel) was 
tested with diesel in varying quantities. The combustion and 
emission properties and the performance of diesel engines 
powered by biodiesel blends were examined and compared 
with conventional petroleum diesel. For combustion analy-
sis, the engine’s cylinder pressure profiles, mass fraction 
burned, start, and end of combustion while operating on 
various biodiesel blends under varying loads were acquired 
at CR 16, 17, and 18. B5 showed a higher quality of combus-
tion in the cylinder pressure profile at zero load than B10, 
and as the load increased, the cylinder pressures for both B5 
and B10 were nearly equal. Furthermore, it was discovered 
that brake thermal efficiency rises when load increases, but 
brake-specific fuel consumption falls. In the load range of 
0–25% at compression ratio 18, B5 requires less brake-spe-
cific fuel than B10 and diesel. Compared to B10 and diesel, 
B5 exhibited the highest brake thermal efficiency at high 
loads at a compression ratio of 17. The emission of HC and 
CO was reduced at higher CR for B10 and B20, but the NOx 
formation was higher at higher CR.

Keywords  Biodiesel Engine · VCR · POME · Biodiesel 
blend · Combustion and engine performance
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Introduction

Advance economies require a spreading approach to energy, 
and satisfying recent climate changes are ambitious contro-
versies in the modern era. The erratic fossil fuel price erodes 
energy security, and many governments support biofuel and 
biodiesel. Over the past few decades, significant dependency 
on the internal combustion engine (ICE) for the transport 
and energy generation sector has been observed. With an 
increase of 50% compared to the last 100 years, 60 mil-
lion cars were produced globally only in 2012 [1]. Wherein 
2019, the number had been increased to 67 million in car 
segments and only in India, the total engine operated vehicle 
production was about 5 million. ICE is used in the conven-
tional approach for developing mechanical power against 
the chemical energy of fuel. Energy can be utilized from the 
resources of three categories, e.g., fissile, fossil, and renew-
able. The fundamental approach that described the durabil-
ity & constancy of humanity’s environmental, economic, 
and social aspects was termed ‘sustainability’ [2]. When 
abrupt transformation in the environment appears globally, 
it is unavoidable to explore renewable energy resources with 
sustainability. As claimed by IEO (International Energy Out-
look)-2019, fossil-based petroleum energy consumption has 
been raised in Asia. In non-OECD countries, India, other 
parts in Asia & Africa, where the average growth rate was 
about 4% and population about two-thirds of the global pop-
ulation in 2018, energy utilization would rise by nearly 70% 
between 2018 and 2050 compared to a 15% rises in OECD 
regions. It had been forecasted that the oil reserves would be 
depleted within some decades if the consumption increased 
by 3% annually [3]. However, India’s pace of rising energy 
demand is 6.5% per year, with imports covering 80% of the 
country’s need for crude oil [4]. Hence energy security will 
be a significant factor in the near future.

The increase in energy utilization globally and nationally 
demands renewable resources for energy before the current 
conventional resources are crippled. In this context, biofu-
els have emerged, such as biodiesel. Biodiesel, specified 
as methyl ester, was substantial to nature and consisted of 
fatty acids. Biodiesel was formed from triglycerides by the 
approach of transesterification. It is an alternative renewable 
fuel that lessens the heavy reliance on petroleum diesel. Bio-
diesel also has enormous considerable accomplishments in 
the global climate. Biodiesel is sulfur-free, oxygenate, and 
biodegradable. Investigators observed that biodiesel reduces 
emissions, notably in the case of carbon monoxide, unburnt 
hydrocarbons, and soot emissions [5].

Amid different alternative renewable fuels, the accept-
able fuel for the diesel engine is contemplated as bio-
diesel for better ignition quality, renewability, absence 
of aromatic and sulphur content, biodegradability with 
low greenhouse gas emission [6]. A diesel engine can be 

modified slightly or not at all to run on biodiesel. The 
qualities of biodiesel are also quite similar to those of die-
sel, but they have an oxygen content that is bonded to the 
fuel and have excellent miscibility with diesel without the 
use of a blending agent. Also, biodiesel has magnificent 
lubricity to lessen the wear and prolong the service life of 
the fuel injection pump [7].

Biodiesel in any percentage can be mixed with diesel for a 
biodiesel blend, and it enhances the mechanical efficiency of 
engines and cuts down the emissions of Sulphur oxides [8]. 
The high flashpoint of biodiesel improves operation safety 
and allows for direct application to diesel engines without 
significant modification [9]. Various car producers have rec-
ognized that biodiesel is an energy source adaptable to their 
diesel vehicles [10].

However, biodiesel also has particular deficiencies, like 
cold flow properties, inferior storage stability, and unsatis-
factory spray characteristics with low heating value [11]. 
These deficiencies can be conquered with suitable feedstock 
for biodiesel and processing techniques.

The advancement of any nation is clinging to access 
to energy and resources. As a developing country, India 
requires a large scale of energy resources to sustain its rapid 
evolution. Fossil-based products like crude oil and coal are 
recognized among the main fossil resources for achiev-
ing energy requirements. In the near future, there will be a 
significant increase in the demand for fossil-based energy 
sources from the transportation industry, the agriculture and 
irrigation area, and small power plants.

In India, biofuel legislation could track the first biofuel 
legislation in 1948. Then the Parliament executed Act No. 
22, Indian Power Alcohol Act, 1948. The Act’s initial inten-
tion was to administer a fundamental approach to advancing 
the Indian ‘power alcohol’ production unit. However, Parlia-
ment had abolished the Act in the year 2000. The MoPNG 
finally provided the EBP in 2002, which required 5% ethanol 
blending in gasoline. However, because of the sugar molas-
ses unavailability, uncontrolled ethanol pricing, technical 
setbacks by Government agencies, impeding delivery, and 
other factors, EBP proved ineffectual [12].

India now has the capacity to meet about 25% of the 
net demand for fossil fuels [13]. However, resources are 
imported to make up the shortfall, which uses a signifi-
cant amount of the country’s foreign currency. Therefore, 
improving convenient technology and renewable energy can 
be an assuring decision to the current ecological and energy 
difficulty [14]. Biodiesel importunity as 20% blending objec-
tive is predicted to increase by 19.8 L in 2020, whereas 31.1 
billion liters in 2030. In India, the biodiesel generation pri-
marily concentrated on Jatropha oilseed and other prospec-
tive tree-borne oils have to be examined effectively [15]. 
No single bio-source may satisfy the requirement of 20% 
blended fuel as outlined by India’s biofuel strategy.
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India’s way of dealing with the biofuel program is 
described by a mix of reality and curiosity and the severe 
extent of aspiration inside them. It is novel because it did not 
depend on increasing or broadening traditional agriculture, 
regardless of whether for ethanol creation or biodiesel crea-
tion. On the other hand, various food grains like rapeseed, 
sugarcane, soybean, etc., are used by the USA, Brazil, and 
Germany. Furthermore, an unfavorable effect on edible oil 
accessibility may rise, which may increase food prices [16]. 
The creation of TBO for feedstock in barren land would 
prompt carbon sequestration and improve the biomass of 
the land. Palm can be chosen for the creation of biodiesel.

The largest producers of palm oil globally in the develop-
ing biodiesel sector are Asian countries like Malaysia and 
Indonesia (automobile & aviation) [17]. Oil palm conveys 
the greatest yield of vegetable oil from biomass in contrast 
to most crops [18] and at a cheap price relevant to alterna-
tive edible oils [19]. Palm oil methyl ester (POME) could be 
treated using fossil-based diesel. In 2014, the Malaysian gov-
ernment had authorized the enactment of B5 POME along-
side petroleum diesel nationwide [20]. According to research 
published in 2018, industrial palm oil can produce enough 
biodiesel (POME) to adequately counterbalance Malaysia’s 
entire diesel usage. On biodiesel consumption up to B7 in 
Malaysia, manufacturers offer engine guarantees. Without 
any significant modifications, the diesel engine can operate 
on biodiesel–diesel blends up to B100, which may offer a 
better environment in the future [21, 22]. 20% hydrocarbon 
emission and 13% CO (carbon monoxide) emission could 
be mitigated by the B20 biodiesel blend [23]. It was recog-
nized that biodiesel leads to abrupt ignition delay preceding 
injection timing and excessive specific fuel consumption 
[24]. In combustion analysis at different compression ratios 
in a VCR engine, Nayak et al. [25] estimated that ignition 
delay for biodiesel strongly depends on injection pressure 
and atmospheric pressure. Lower compressibility and high 
viscosity resulted in less ignition delay.

To energize the creation of Biodiesel in India, the 
MoPNG declared a procurement policy of Biodiesel in 
October 2005 that got powerful from first January 2006. 
Under this approach, OMCs (Marketing companies in the 
Oil sector) are to buy Biodiesel (B 100), fulfilling the fuel 
quality guideline recommended by BIS for mixing with 
HSD (High-Speed Diesel) to the degree of 5% at distin-
guished buy habitats, the nation over. In January 2015, 
the Cabinet was chosen to permit the immediate offer of 
Biodiesel (B100) by private Biodiesel producers, their 
approved sellers and Joint Ventures of OMCs approved 
by MoPNG to all purchasers. The Government changed the 
High-Speed Diesel in August 2015 to allow a direct offer 
of Biodiesel (B100) to Bulk Consumers, such as Railways, 
State Road Transport Corporations, and other entities. On 
10.08.2015, oil marketing companies in the country started 

selling blended biodiesel from a select few retail locations. 
Afterward, MoPNG gave notice on 29th June 2017 for 
changing the Motor Spirit and High-Speed Diesel, which 
expresses that the Central Government may allow the 
immediate offer of biodiesel (B100) for mixing with rapid 
diesel to all shoppers, subject to the conditions given. BIS 
revised IS: 1460 (Automotive Diesel Fuel Specification) in 
December 2017. Biodiesel adjusting to IS 15607 might be 
mixed up to 7 (% Vol) with car diesel fuel [26].

The Arecaceae, or palm family, includes the Elaeis 
guineensis (palm), a native tree to Africa that can reach 
heights of 20–30 m. In spite of this, it has been domes-
ticated globally, including Malaysia, Sri Lanka, Indone-
sia, Thailand, Madagascar, Central America and West 
Indies [27]. Because they are a perennial tropical plant, 
palm trees do well in moist climates. Additionally, palm 
oil serves as the most popular feedstock for making top-
promoted culinary oils and biodiesel. Less insecticides, 
water, and compost are needed for palm palms. [28]. For 
each acre of palm plantations, less daylight is needed. This 
biomass’s production of 34% of the world’s vegetable oil 
is substantial [29]. After 2 or 3 years of planting, the fruit 
of the palm tree is produced. The fruit may be collected 
for 25 years, and relative to other oilseed crops, more oil 
is produced per hectare. [30].

Commonly, CI engines are intended for diesel fuel. Uti-
lizing diesel engines for biodiesel activity needs minor 
alterations in the engine working conditions. Researchers 
are recently showing more interest in simulating the engine 
performance to get optimum engine operating parameters 
instead of the build and test method. Also, engine makers 
consistently search for approaches to improve engine func-
tions with reduced expenses and time-efficient development. 
Based on engine geometries, a single-zone combustion CI 
engine simulation model was developed [31]. To account for 
pressure fluctuations related to crank angle, engine power, 
and the mean effective pressure necessary for POME, a 
deviation in the specific heat ratio of the cylinder charge 
and burned gases was put into place [32]. Also, a simple 
model was introduced to predict the carbon monoxide and 
oxide nitrogen in combustion products in terms of mole frac-
tion [33].

In the current work, palm oil biodiesel was produced 
using the transesterification approach. Then, B5, B10, B15, 
and B20 blends of palm oil biodiesel were examined using 
ASTM norms. In addition, an internal CI engine model 
was created to forecast the engine combustion nature and 
combustion products in terms of mole fraction for palm oil 
biodiesel blends (B5, B10). Finally, the combustion and 
emission parameter analysis were investigated along with 
engine performance for palm oil biodiesel blends compared 
with petroleum diesel at a variable compression ratio (CR 
16, 17, and 18).
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Biodiesel Production

With an alkali catalyst as opposed to an acid catalyst, trans-
esterification proceeds very quickly. Catalyst potassium 
hydroxide was utilized to increase the biodiesel output and 
response rate. There are nine chambers in the trial setup. 
Five of them were important for palm oil biodiesel readiness. 
In the lower portion of Fig. 1, there were mixing chambers 
for the catalyst and methanol. These chambers were associ-
ated with a pump that helps siphon liquid to the main reactor. 
The primary reactor fan, which aided in mixing reactants, 
was present to speed up the rate of substance response. The 
desired temperature was maintained inside the chamber by 
temperature sensors and controls. For increased biodiesel 
production, temperature and time management were essen-
tial. Pumps and valves connected the main reactor to the 
glycerin column, where the product remained for some time. 
Due to different atomic weights, the upper segment was 
filled with biodiesel and the lower segment with glycerol. 
A valve at the bottom of the GC chamber opened, releasing 
glycerol. Biodiesel made up the remaining portion of the 

product, which was consumed subsequently. Biodiesel was 
not ready for use in engines.

It needed to be processed further. Continuous washing 
with water is required until the pH is estimated to reach 7. 
Methanol was used in excess to forward the reaction. After 
a thorough wash, biodiesel was heated for eight hours to 
50 °C in a warmer broiler before being ready for use. The 
standard approach was used to inspect the significant fuel 
attributes for the produced POME blends (Table 1). Density 
was calculated using the fuel volume and mass. A viscom-
eter (Redwood Model) was used to calculate the kinematic 
viscosity. The calorific value was calculated using a bomb 
calorimeter and the flashpoint was determined using a flash-
point analyzer (Silver Pensky-Martens, Model: VT4643).

Description of the Engine Setup

The local market was explored for refined palm oil. Bio-
diesel was created from palm oil via alkaline transesteri-
fication; the free fatty acid content was less than 0.61%. A 
single-cylinder, four-stroke, direct-injection, compression-
ignition engine test setup has been used to investigate the 
combustion and performance characteristics of different 
blends as mentioned in Table 1. Table 2 contains the tech-
nical specifications as well as Fig. 2a represents the sche-
matic for the experimental VCR (variable compression 
ratio). The engine was connected to a constant speed type 
eddy current dynamometer (Technomech Model TMEC10, 
10BHP@1500–5000 RPM) that was operated by a computer 
interface (Apex Model AX-155). Cylinder pressure was 
measured using pressure sensor (Model S111A22). Through 
a data processing panel, the computer received and stored all 
of the instantaneous temperature and pressure using ‘Engine 
soft’ software. The software interface, created by Apex Inno-
vation Pvt. Ltd., was used to collect the MFB results. Rass-
weiler and Withrow’s method of burn rate analysis was used 
to estimate the mass fraction burned. [34]. The approach was 
based on the supposition that the pressure would rise per 
crank angle (∆p) during combustion. The pressure change 
during volume change (∆pv) and the pressure rise during 
combustion (∆pc) make up this pressure increase.

Fig. 1   Actual view of the biodiesel production experiment setup

Table 1   Measured & standard 
value comparison of POME 
blends

Properties Method (B0) B5 B10 B15 B20

Density (Kg/m3) – 832.6 833.2 848.6 856.3 865.9
Kinematic Viscosity (mm2/s 

at 40 ˚C)
ASTM D2983 2.96 3.0 3.04 3.17 3.26

Flash Point (˚C) ASTM D93 68 74.6 77.3 78.1 79.5
Calorific Value (MJ/Kg) ASTM D4809 45.9 44.5 43.3 41.6 40.7
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A polytropic process could model pressure change cause 
of change in volume with an exponent k as,

And Δpc = pi+1 − pi

(

Vi

Vi+1

)k

The MFB at the conclusion of the considered i-th inter-
val may be estimated considering heat supplied to the in-
cylinder was proportional to pressure rise, ∆pc as mentioned 
below.

Δp = Δp
c
+ Δp

v

pi+1 − pi = Δpc + pi

[

(

Vi

Vi+1

)k

− 1

]

where the combustion cycle had a start and stop at 0 and N, 
respectively. The engine tests were done at optimal constant 
speed of 1500 rpm with various loads (0%, 25%, 50%, 75%, 
& 100%). A compression ratio of 18:1, 17:1, and 16:1 was 
used for this study. Figure 2a and b show the Schematic 
Diagram and the real perspective of the engine arrangement, 
respectively.

Exhaust Emission Measurement Methods

The emission was measured using an Eco-Gas-100 Gas 
Analyzer by Manatec. Carbon monoxide concentration was 
measured in percent volume. The UHC and nitrogen oxides 
were measured in PPM. This gas analyzer for HC and CO 
used the NDIR technology detecting mechanism. The NOx 
sensor was used to measure nitrogen oxides. In Table 3, the 
technical specifications are listed.

Uncertainty Analysis

Uncertainty existed when gathering data from experimental 
instruments due to a number of operational and physical 
constraints. To confirm the accuracy of the experiment’s 
precision and repeatability, an uncertainty analysis was 
conducted. An integrated analysis of uncertainty for the 
performance variables served as the guide for a thorough 
error evaluation. The analysis was conducted using the root 
mean square method, relying on X1, X2,…, Xn to determine 
the uncertainty (∆U) of a predicted outcome (Q) executing 

MFB =
mb(i)

mb(Total)
=

∑i

0
Δpc

∑N

0
Δpc

Table 2   Technical specifications of experimental VCR engine

Parameter Specification

Product Computerized variable 
compression ignition 
engine

Type Single cylinder, DI, diesel
Rated power 3.5 kW @ 1500 RPM
Compression ratio 12–18
Method of cooling Water cooled
Injection timing 230 BTDC
Injection pressure 210 bar
Dynamometer Eddy current, water 

cooled, with loading 
unit

Bore 87.50 (mm)
Stroke 110.00 (mm)
Swept volume 661.45 (cc)
Connecting rod length 234.00(mm)

Fig. 2   a Schematic engine test 
rig and b actual view of the 
experiment setup
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certain errors ΔX1, ΔX2,…, ΔXn of Eq. (1) [35]. The uncer-
tainty was estimated in the calculated result based on the 
uncertainties in the primary measurements. Where result 
‘Q’ is dependent factor of the X1, X2,…, Xn.

The comprehensive uncertainty of the presented experimen-
tal results could be calculated as,

Theoretical Considerations in Single Zone C.I 
Engine Model

A 4-stroke single zone thermodynamic model [36] had been 
established by taking into account several assumptions [31] 
together with the variation in specific heats against tempera-
ture [37]. Losses during heat release for fuel combustion 
were assumed to be lost via heat transfer [38]. To match 
actual diesel engine results, assumptions were made. Tem-
perature, pressure, and equivalency ratio were the main fac-
tors influencing the ignition delay [39].

In the current study, it was considered that the 
combustion product contained just seven species 
( CO,CO2,H2O,O2,H2,N2,NO ). Combustion’s chemical 
reaction could be expressed as,

where, a
�
=

x+
y

4
−

l

2

�

This reaction held true for mixtures that were lean, rich, 
and stoichiometrically balanced. It was supposed that neither 
carbon monoxide (CO) nor oxygen existed in the combus-
tion product for the lean nor for the rich mixture, respec-
tively. The value of n1, n2, n3, n4, n5, n6, n7 indicates the num-
ber of moles of each individual product, while the value 

(1)

ΔU =

√

(

�Q

�X1

ΔX1

)2

+

(

�Q

�X2

ΔX2

)2

+⋯ +

(

�Q

�Xn

ΔXn

)2

Comprehensive Uncertainty =

√

(

UncertaintyBP
)2

+
(

UncertaintySFC
)2

+
(

UncertaintyBTE
)2

= 2.63%

(2)CxHyOl +
a

�
⋅

(

O2 + 3.76 ⋅ N2

)

→ n1 ⋅ CO + n2 ⋅ CO2 + n3 ⋅ H2O + n4 ⋅ O2 + n5 ⋅ H2 + n6 ⋅ N2 + n7 ⋅ NO

of x, y, l, a indicates each individual reactant’s mole num-
ber. Seven equations were necessary for Seven Unknowns 
( n1, n2, n3, n4, n5, n6, n7 ) to be solved. Four equations were 
produced by the atoms of carbon, oxygen, hydrogen, and 
nitrogen being balanced.

The total mole fraction of all combustion products was 
taken into account to be 1.

The combustion had been taken into consideration for the 
CO2, H2O, CO,H2 chemical equilibrium known as the water 
gas shift reaction.

This reaction’s equilibrium constant ( kp ) was temperature-
dependent and could alternatively be computed using the 
moles of the relevant species as follows:

The equilibrium constant’s value are estimated using Gibbs 
function as below

Also, considering the hypothetical equation,

A family of seven substances is called NOx. About 80% of 
the air we breathe is made up of the comparatively harmless 
gas diatomic molecular nitrogen (N2) However, the chemi-
cal element nitrogen (N) has ionisation levels (also known 
as valence states) that range from plus one to plus five and 

(3)CO + H2O ⇔ CO2 + H2

(4)kp =
n2 × n5

n1 × n3

(5)kp = exp

(

−

g0
CO2

RT
−

g0
H2

RT
+

g0
CO

RT
+

g0
H2O

RT

)

(6)
1

2
N2 +

1

2
O2 ⇔ NO

Table 3   Technical specifications of gas analyzer

Gas analyzer specifications Make and model Make Manatec, Model Eco Gas 100
Technology & operating temperature Non dispersive Infrared (NDIR) technol-

ogy, + 5– + 45 ̊C
Measurement parameters CO (carbon monoxide) Range: 0–15%, Resolution: 0.01%

HC (hydro carbon) Range: 0–20,000 PPM, Resolution: 1 PPM
NOx (oxides of nitrogen) Range: 0–5000 PPM, Resolution: 1 PPM
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is reactive as a single atom. So, there are numerous oxides 
that nitrogen can create. The three nitrogen oxides with the 
highest concentrations in the air are nitrous oxide (N2O), 
NO, and NO2. Primarily, NO is released as part of NOx 
emissions from combustion. When the combination is on the 
fuel-lean side of the stoichiometric ratio, combustion NO is 
created as a function of air to fuel ratio and is more evident 
[40]. Despite the fact that NO is quickly transformed to NO2, 
only NO was considered an oxide of nitrogen in the current 
investigation to simplify modeling using Eq. (7) [1].

There were seven unknown values that were determined 
from those seven equations.

Results and Discussion

Combustion Chamber Pressure (CP)

Figure 3 shows how the chamber pressure varies with 
crank angle (CA) at different loads for POME blends (B5, 

(7)kNO =
n7

√

n6 ×
√

n4

Fig. 3   Graphical illustration of 
the pressure versus CA (crank 
angle) using diesel (B0), POME 
blends (B5, B10, B15, B20) 
with CR 18:1 & CR 17:1 at 
different percent Loads (0, 25%, 
50%, 75% and 100%)
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B10, B15, and B20) at CR 18, 17, and 16. All of the tested 
unique methyl ester mixtures (B5, B10, B 15, B 20) fol-
lowed a chamber pressure pattern that was lower than that 
of diesel during the ignition period at five different engine 
load situations (0%, 25%, 50%, 75%, 100%). Furthermore, 
when the amount of biodiesel in blends increased, the peak 
pressure moved away from the TDC point. These phenom-
ena resulted from biodiesel’s poor atomization, instability, 
and decreased calorific value. The combustion chamber 
pressure of B5 methyl esters at various loads was lower but 
comparable to that of petroleum-based diesel at 75–100% 
load. However, other tried methyl ester blends’ combus-
tion pressure was considerably lower than petroleum-based 
diesel. Surprisingly, in chamber pressure during burning, 
B15 & B20 performed better at 75% to top load condi-
tions at a compression ratio of 16:1. Due to additional 
fuel accumulating during the ignition delay period, the 
phenomena was caused by a rise in chamber temperature 
during mid- to top-load circumstances.

The effects of various compression ratios showed that, for 
petroleum base diesel and particular blends, max-CP consist-
ently increased with compression ratio. The peak chamber 
pressure also migrated away from TDC with decreased CR. 
Because biodiesel mixes have higher densities than diesel, 
which causes a longer ignition delay, combustion starts later 
similar pattern experimented by Balamurugan et al. [41]. 
Compared to the other biodiesel blends, the combustion for 
B20 occurs at the furthest distance.

For CR 18, the peak CP was decreased by 20% when 
utilizing B20 compared with B0 and about a 3-degree CA 
delay. It might also be seen that B5 could compensate for 
this decrease in maximum pressure and longer ignition 
delay. Subsequently, it was noticed that the diesel fuel could 
be replaced by B5 fuel with a minimum amount of peak 
pressure loss. Bringing down the CR from 18 to 16 prompts 
a decrease in top CP from 72.29 to 53.68 bar (25%) for diesel 
and from 69.29 to 47.38 bar (31%) for B5, 64.74 to 46.58 bar 
(28%) for B10, 61.89 to 46.24 bar (25%) for B15, and 58.80 
to 45.03 bar (23%) for B20 biodiesel blend at peak engine 
load condition. The results demonstrated that peak CP for 
all test fuels improved with a rise in CR, with the effect of 
CR being more significant in the B5 biodiesel blend than in 
petroleum diesel. Lower CR prompted lower gas tempera-
ture and, therefore, longer ignition delay. Consequently, the 
Maximum CP moves further from TDC, showing an incre-
ment in ignition delay.

The peak cylinder pressure at zero load conditions 
developed after TDC are shown in Fig. 4. Findings were 
contrasted with those from experiments using test fuels, 
B5, B10 and petroleum diesel. The comparison shows a 
thorough comprehension of the experimental results. The 

specific heat ratio significantly impacted the NHR models’ 
accuracy for CI engines. The actual engine’s cylinder tem-
perature, dependent on flame speed and other combustion-
related factors, determines the specific heat ratio. In this 
model, NHR was estimated using the single-zone model [1]. 
The simplification did not take into account flame speed. 
This could be the cause of the NHR simulation’s variance 
from the experimental data’s NHR during the initial stages 
of combustion.

Ignition Delay (ID)

The change of start of combustion (SOC) for diesel and sev-
eral biodiesel blends (B5, B10, B15, & B20) is shown in 
Fig. 5. The SOC at each load was found to decrease with 
an increase in blending percentage. However, for some test 
fuels, the SOC increased as the engine load increased. Igni-
tion delay indicates the period between the beginning of 
fuel injection and the beginning of combustion, which often 
occurs before the TDC. If the combustion process begins 
earlier than the expected TDC crank angle, the ignition delay 
stage is shorter since the fuel injection occurs at a constant 
CA. An increase in engine load shortens the ignition delay. 
This event was a direct result of the increased engine load, 
which increased the chamber’s internal temperature and 
quickened the ignition of the fuel–air mixture. Addition-
ally, it was found that the SOC dropped with the reduction 
in compression ratio, increasing ignition delay. Lower gas 
temperature was caused by lower CR, which led to a longer 
ignition delay.

Fig. 4   Comparison of simulation and experimental cylinder pressure 
and NHR results
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Net Heat Release (NHR)

The change in the net heat release (NHR) is shown in 
Fig. 6 for different POME blends at CR 18, CR 16, with 
100% engine load. The maximum NHR discrepancies 
were noted to be present at CR 16. Whereas the peak 
NHR across test fuels was just slightly higher at CR 18. 
The SOC, ignition delay, fuel mass burnt in the premixed 
phase at separate CR, and variation in various fuel igni-
tion rates were all factors that affected the NHR rate. The 
peak NHR was seen in the figures to be lower for all the 
biodiesel blends compared to petroleum-based diesel at 
CR 16 and 17. At higher CR and 100% engine load, the 
peak NHR differences among test fuels were marginal. 
A slight delay in top NHR & SOC with a reduction in 
CR was noticed for both petroleum-based diesel and bio-
diesel blends (B5, B10, B15 & B20). An increase in peak 
NHR, from 41.8 to 64.27 J/CA (53%) with a reduction 
in CR from 18 to 16, was seen for diesel. An increase in 
top NHR, from 40.49 to 56.88 J/CA (40%) with a change 

in CR from 18 to 16, was observed on B20 activity at 
peak engine load conditions. This phenomenon happened 
cause of the accumulation of more fuel in the combustion 
chamber and longer ignition delay with lower in-chamber 
gas temperature. Based on engine activity with biodiesel 
blends in the current investigation, higher NHR than die-
sel was seen at CR 18, particularly at higher CR settings. 
This event demonstrated a quicker ignition rate, perhaps 
because of the oxygen particle present in biodiesel atoms. 
Reducing the CR from 18 to 16 prompted a reduction in 
the peak NHR. Likewise, this event could be because of 
high viscosity leading to poor atomization in biodiesel 
blends, at a lower compression ratio due to longer ignition 
delay and more fuel accumulated. It was the reason behind 
the peak NHR value at lower CR.

Combustion Duration (CD)

Figures 5 and 7 show the different types of the start of com-
bustion (SOC) and end of combustion (EOC), from which 
combustion duration (CD) at various engine loads might 

Fig. 5   Start of combustion at different loading condition (a CR 16, b CR 17, c CR 18)

Fig. 6   NHR versus CA variation using diesel (B0), POME blends (B5, B10, B15 & B20) (a CR 16, b CR 17 and c CR 18) at 100% load
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be estimated. Between SOC and EOC is known as CD. 
The CA where there is an abrupt increase in heat release 
was selected as the SOC from the NHR curve. The cumu-
lative heat release rate was used to calculate EOC. Using 
the data retrieval system’s moving average for the probable 
heat release rate, the EOC value was determined. The EOC 
point might be thought of as the first time the average heat 
release rate fell below zero. When there is rapid burning 
with a delay in ignition, the combustion pressure and NHR 
rise quickly. When the NHR was raised from zero to a posi-
tive value, SOC was detected with regard to CA. From the 
graph, it can be observed that CD increased as engine loads 
increased for all biodiesel mixes and diesel. Due to more 
fuel being fed into the combustion chamber, this occurrence 
developed. A longer CD span results from boosting the bio-
diesel content of biodiesel blends. Higher fuel viscosity has 
an impact on atomization and vaporization, which has an 
impact on how well fuel mixes with air and how well sprays 
form. Because of its greater viscosity and surface tension, 
biodiesel has lower atomization quality [42] and requires 
more effort to burn. A lengthier CD was produced as a result 
of the sluggish combustion caused by this.

Mass Fraction Burned (MFB)

Variations of MFB with engine loads are shown in Fig. 8 
for diesel and biodiesel blends. The MFB of the B5, B10, 
B15, and B20 blends showed a similar pattern to diesel. 
All tested biodiesel blends exhibited 5 and 10% MFB that 
appeared earlier than diesel at various engine loads. This 
occurrence was anticipated because all biodiesel blend fuel 
has a higher viscosity. The software interface called “Engine 
soft” by Apex Innovation Pvt. Ltd. was used to collect the 
MFB results. In diesel (B0), the 5 and 10% MFB amounts 
were considerably higher under all loading conditions than 
the B5 and B10 biodiesel blends. Due to the correct atomiza-
tion of petroleum fuel, this phenomenon occurred. Addition-
ally, it was noted that higher evaporation caused the value 
of 5 & 10% MFB to decline with increasing load. Based 
on the after-TDC (ATDC) crank angle, the 10% MFB was 
calculated and shown. According to experimental findings, 
the TDC point was nearly reached by blends of B5 and B10 
when 10% of their mass fraction burned. Because of this, 

Fig. 7   Graphical illustration of the end of combustion at different loading condition (a CR 16, b CR 17, c CR 18)

Fig. 8   Graphical illustration of 
the mass fraction burned (a 5% 
MFB & b 10% MFB) at differ-
ent loading condition (POME)
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in Fig. 8’s B5 & B10 blends, 10% of the MFB value was 
almost nonexistent.

Brake Thermal Efficiency (BTE)

Figure 9 a shows that the brake thermal efficiency (BTE) of 
all the tested fuels tended to rise with an increase in engine 
load. In this analysis, the highest BTE for diesel was noted. 
Since diesel had a higher LHV and a suitable air–fuel ratio, 
the result was complete combustion. From the graph, it can 
be seen that B5 and B10 exhibit higher BTE at full engine 
load than B15 and B20. Because of the fuel’s increased 
lubricity—possibly due to higher viscosity and sulphur 
content in the blends—this phenomenon was caused. Since 
B15 and B20 had higher densities and lower LHVs at full 
engine load than B5 and B10, their BTE was lower. BTE 
was shown to increase first due to the increase in load but 
then to decrease due to the subsequent increase in load. The 
more fuel burned as the engine load grew, the higher the 
BMEP. When this happened, the BTE initially increased. 
However, the BTE curve displayed a decreasing pattern after 
a 75% engine load. This phenomenon occurred because the 
combustion process took less time to complete as the load 
increased past 75% engine load at high temperature and 
BMEP, which resulted in a greater demand for fuel and an 
increase in energy consumption. As the amount of biodiesel 
in the fuel increased, it was observed that BTE decreased. 
Fuel LHV and viscosity were the factors that affected this 
aspect.

A lower heating value and hence less force were created 
as the biodiesel content increased, which resulted in a fall 
in BTE. Low BTE was caused by inadequate fuel injector 
atomization, low power output, and increased fuel viscos-
ity with increased biodiesel concentration. The difference 
in BTE values between the various blends was caused by 
increased density and viscosity values. The test fuel loses 
vaporisation and atomization when it becomes too viscous 
and dense. Blends of biodiesel fuels burned unevenly due to 

poor vaporisation and atomization. The increased viscosity 
and lower heating value of biodiesel cause poor atomiza-
tion and poor preparation of fuel–air mixture during igni-
tion delay, delaying the commencement of biodiesel com-
bustion. The diesel BTE for diesel was at its highest in this 
examination. With the increase in biodiesel concentration 
came fuel viscosity, leading to poor fuel injector atomiza-
tion, low power output, and low BTE. When operating the 
engine with diesel fuel and POME 20 (B20), Jamshaid et al., 
2022 reported a similar result [43].

The variation of BTE for diesel, B5, B10, B15, and B20 
blends at peak engine load are shown in Fig. 9b for CR 16, 
17, and 18. It was observed that as the CR rose, the BTE did 
as well. This phenomenon was caused by the rise in BMEP 
that accompanied the rise in CR. Due to high CP and tem-
perature, which ensured superior burning and resulted in 
high BTE, the BMEP increased with an increase in CR. The 

Fig. 9   a Brake thermal 
efficiency at different loading 
condition at CR 18. b Brake 
thermal efficiency at different 
CR (diesel & biodiesel blends)

Fig. 10   Graphical illustration of the simulated Indicated thermal effi-
ciency at different loading condition
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addition of more biodiesel largely resulted in a decrease in 
BTE. However, it was discovered that BTE for B5 and B10 
was higher than that of petroleum-based diesel at CR 18:1. 
The high temperature caused this characteristic, and CP that 
formed in the chamber at CR 18:1, as well as the biodiesel’s 
greater oxygen content. Diesel’s maximum engine load 
resulted in the highest BTE, recorded at 23.12% (CR 18:1).

Figure 10 shows the simulated model’s indicated ther-
mal efficiency and the trend lined up with the direction of 
the actual engine’s BTE. The variations in simulated ITE 
between B0, B5, and B10 under 0–25% engine loading con-
ditions were found to be negligible. Additionally, there was 
a rapid increase in ITE, from 0 to 25% load state.

Specific Fuel Consumption (SFC)

The amount of fuel used to produce one power unit was 
defined as SFC. The same SFC trend was followed for all 
test fuels containing biodiesel, as shown in Fig. 11a. Diesel 
has a lower SFC at all engine loads than B5, B10, B15, and 
B20. The reason for the higher SFC was the higher density 
and lower LHV. For all of the test fuels between 0 and 50% 
load conditions, the SFC variations were negligible. B20 
differed from the other test fuels in terms of SFC under peak 
load conditions. It was shown that test fuels with greater 
biodiesel content had higher SFCs. The fuel required to 
deliver a unit of power increased as the LHV fell with the 
biodiesel percentage, which increased the SFC values. The 
test fuel’s density was another element that impacted SFC. 
The densities were observed to rise as the biodiesel content 
did. Since more fuel was injected for a given load, the fuel 
mass flow rate was raised. The increase in density would 
result in inadequate fuel injector atomization, resulting in 
less efficient burning and reduced power production. It was 
observed that the SFC values were dropping with the load. 
The B5, B10, B15, and B20 biodiesel blends followed the 
same pattern as petroleum-based fuel.

However, the engine power output exceeded the fuel 
consumption, resulting in reduced SFC. The fuel utilization 
increased as the load increased. Figure 11b shows the SFC 
variations in CR up to 18:1 from CR 16:1. The diagram dis-
plays the range of SFC with CR at maximal engine load cir-
cumstances. The SFC values declined as the CR increased. 
This pattern was caused by the fact that BMEP grew as CR 
increased.

According to Fig. 12, which shows the indicated SFC 
from the simulated model, the trend closely matched the 
direction of the SFC for the real engine. Between 0 and 25% 
engine loading circumstances, it was noted that B0, B5, and 
B10 showed only slight variances in the simulated ISFC. 
Between 50 and 100% load circumstances, the ISFC also 
started to decline.

Fig. 11   a Specific fuel con-
sumption at different loading 
condition (CR 18) b Specific 
fuel consumption (diesel & 
biodiesel blends) at different CR 
(16, 17 and 18)

Fig. 12   Graphical illustration of the simulated Indicated SFC at dif-
ferent loading condition
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Emission (CO)

The CI engine emits little carbon monoxide because it typi-
cally operates at a low engine load and a lean fuel–air ratio. 
Due to insufficient air surrounding the fuel atoms or a lack of 
time to complete the combustion cycle, the fuel–air mixture 
failed to satisfy the combustion, resulting in a significant CO 
emission. The incomplete fuel combustion in the CI engine 
led to CO emissions. Figure 13 shows the fluctuation of CO 
emissions with engine load for all fuels tested. According to 
the graph, B20 had the lowest CO emission when compared 
to the other test fuels separately under various load circum-
stances, as more oxygen was present. The CO emissions first 
dropped up to 50% engine load before unexpectedly rising at 
increasing engine load. The leaner fuel–air mixture burned 
at 50% engine load and reduced CO emissions. The exces-
sive fuel-to-air ratio caused more smoke to be produced and 
hindered the oxidation of CO to CO2, which led to increased 
emissions. B20 fuel was shown to emit less CO than the 
other test fuels. When operating at maximum load with 17:1 
CR, B20’s CO emission was around 13% lower than diesel. 
The CO emission in B20 fuel activities was assessed with 
increasing CR (17:1–18:1). For instance, when the CR was 
raised from 17:1 to 18:1, the CO emanations in B20 gasoline 
reduced by nearly 23% at peak load.

Also, the impact of CR on CO emission has appeared in 
Fig. 13. The emission of CO exceptionally relies upon the 
burning temperature and accessibility of oxygen. A decrease 
in CR from 18 to 16 prompted an increase in CO emissions 
by 40% for B20, while it was observed higher emission of 
CO at B20 blend in CR to 16 compared to petroleum diesel. 
The reason was that more fuel accumulated at CR 16. Also, 
lower emission of CO was recorded under engine activity 
with CR settings 17:1 and 18:1. Biodiesel blends recorded 
lower CO emissions at CR 17 & 18 cause of oxygen present 
in the biodiesel structure.

The lean fuel–air mixture simulation model had no CO, 
and the rich mixture simulation model had no oxygen in the 
byproducts. The simulated mole fraction of CO emission is 
shown in Fig. 14. At a 25% load situation, the equivalence 
ratio was more significant for just diesel and the B5 POME 
blend, with a value of more than one (rich fuel–air combina-
tion). At the same time, it was less significant for the B10 
POME blend (lean mixture). These ER readings came from 
experimental results. Because of this, at a 25% load situa-
tion, the CO mole fraction measurements of the B10 POME 
blend were nil.

Emission (HC)

Figure 15 portrays the variety of HC emissions with engine 
load for blends (B5, B10, B15, B20). The outcomes pre-
sented that the HC discharges incremented with expanding 
engine load. At 17 CR and zero engine load, the evaluated 
HC discharge was 25 ppm for diesel, but it increased to 

Fig. 13   Graphical illustration of the carbon monoxide emission at different loading condition. (a CR 16, b CR 17 and c CR 18)

Fig. 14   Graphical illustration of the simulated carbon monoxide 
emission at different loading condition
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43 ppm at peak engine load. However, at CR 16, the HC 
emission was marginally higher for biodiesel blends at 
peak load conditions caused by more fuel accumulation at 

the ignition delay period. The expanded emission of HC 
at higher engine load was because of oxygen inadequacy; 
leaner fuel–air burning offers lower HC emissions. Like this, 
the HC emissions decreased with tested biodiesel blends at 
all engine loads as for diesel at CR (17:1 and 18:1). It had 
occurred cause of improved oxygen content in tested bio-
diesel blends, which prompted complete fuel burning. With 
expanding CR (17:1 to 18:1), HC’s emission was reduced 
for B15 and B20 because higher CR offers high CP and 
temperature, which improves fuel burning.

Emission (NOx)

Figure 16 displays the simulated mole percentage of nitro-
gen oxides (NOx) emission as the combustion byproducts. 
However, the NOx mole fraction results for diesel and 
POME blends (B5 & B10) were not zero at zero load con-
ditions. For NOx, the mole fractions were around 0.0007, 
0.0005, and 0.0004, respectively. Additionally, the highest 
combustion temperature was considered while determin-
ing the equilibrium constant value for the generation of 

Fig. 15   Graphical illustration of the unburnt hydrocarbon emission at different loading condition. (a CR 16, b CR 17 and c CR 18)

Fig. 16   Graphical illustration of the simulated oxides of nitrogen 
emission at different loading condition

Fig. 17   Graphical illustration of the oxides of nitrogen emission at different loading condition. (a CR 16, b CR 17 and c CR 18)



1045J. Inst. Eng. India Ser. C (October 2023) 104(5):1031–1046	

1 3

nitrogen oxides. The peak temperature for POME blends 
from the simulation results was lower than diesel. The 
simulated mole fraction values for NOx emission were 
shallow and close to zero; nevertheless, they were consid-
erably higher during peak load conditions.

Figure 17 portrays the emission of NOx outcome of dif-
ferent engine loads at different CR. The emission of NOx 
was fundamentally made with dissociation of the climatic 
nitrogen at high adiabatic flame temperature conditions. 
It was strongly developed with maximum ignition tem-
perature, oxygen presence, and NOx formation time. It 
was observed that at higher engine load, NOx increased 
with an increase in engine load. This event resulted from 
the considerable fuel consumed at a higher engine load, 
followed by high CP and temperature, and consequently, 
NOx increased. Also, the emission of NOx development 
was higher at CR 18 for all the tested biodiesel blends and 
diesel. This increased NOx discharge was because of the 
oxygen presence with biodiesel blends, specifically B20.

Conclusions

An assessment was conducted to evaluate the use of POME 
biodiesel blends (B5, B10, B15, and B20) compared to diesel 
(B0) from the perspectives of combustion, performance, and 
emission on an unaltered diesel engine. Tests were conducted 
to determine the sample biodiesel blends’ viscosity, calorific 
value, density, and flash point. The results achieved were quite 
similar to petroleum diesel. The single-zone model was used 
to verify the precise results acquired from the standard diesel 
engine. The combustion nature had been accurately predicted 
by the thermodynamic model using B0, B5, and B10. How-
ever, a noticeable variation showed the impact of the model 
assumptions. A combustion product model predicted the 
mole per cent of CO and NO emissions from the engine. The 
simulated NO discharge was somewhat higher under top load 
conditions and slightly lower at low load situations. The CP 
and combustion chamber temperature rose at 18:1 CR, which 
caused an early SOC and decreased the NHR. BTE and SFC 
also improved at higher CR. HC and CO were reduced as the 
CR increased for B10 and B20. But the generation of NOx 
increased. Without any engine modifications, the engine could 
successfully run on biodiesel blends. The engine could run 
on biodiesel blends as high as B20. Because of the density 
and lower heating value, the engine could be operated at a 
BTE that was slightly lower than that of diesel. All the tested 
POME biodiesel blends had a BTE that was slightly lower 
than petroleum diesel. Higher density and viscosity values 
ultimately led to poor atomization, and as a result, lower BTE 

was attained for the tested POME biodiesel blends. Addition-
ally, the SFC was higher than it was for petroleum diesel due 
to higher viscosity values. As a result, higher SFC was seen 
in tested POME biodiesel blends. Four biodiesel blends—
B5, B10, B15, and B20—were used to analyse the engine’s 
combustion, performance, and exhaust. Compared to other 
biodiesel blends, B5 and B10 offered superior performance 
and fewer emissions. In light of this, it might be inferred that 
POME blends (B5, B10, B15, & B20) can be used successfully 
to power a diesel engine that hasn’t been altered.
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