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ABSTRACT

Compression-ignition engines remain essential for power generation and transportation, and renewable fuels are
employed to reduce regulated emissions. A fixed-dose, direct comparison of oxide-conditioned biodiesels from Calophyllum,
Nerium, and Mahuva under identical operating conditions and measurement protocols has not yet been reported. In this work,
steady-state BSFC, BTE, exhaust-gas temperature, CO, HC, NO, and smoke emissions of Al:Os-, CeO.-, and TiO.-
conditioned biodiesels were compared with those of diesel. Biodiesels were produced by base-catalyzed transesterification,
conditioned with fixed additive and nanoparticle doses, and evaluated at five brake power points using dynamometer
measurements and standard exhaust analyzers. At 5.024 kW, the minimum BSFC was 0.226 kg-kW™'-h™' for TiO--
conditioned Mahuva, compared with 0.259 kg-kW'-h! for diesel, representing a 12.7% reduction and indicating lower fuel
consumption per unit brake output. At 5.024 kW, BTE ranged from 28.3 to 31.85% for oxide-conditioned biodiesels and was
34.1% for diesel. Smoke opacity for Al.Os-conditioned Calophyllum was 8, compared with 9 for diesel. NO levels for most
treated blends ranged from 790 to 890 ppm, while one Al2Os + Calophyllum trace reached approximately 980 ppm, indicating
overall soot suppression alongside load- and treatment-dependent NO formation. These fixed-dose benchmarks support
reproducible screening of biodiesel formulations and provide consistent inputs for combustion—emission model calibration.
Future work will focus on dispersion stability during extended operation, injector deposit formation, and particle-number
characterization under transient duty cycles.

Keywords: Non-edible biodiesel; Metal-oxide nanoadditives; Compression-ignition engine testing; Load-resolved

emissions mapping; Renewable fuel.

1. INTRODUCTION

Compression-ignition engines sustain modern
mobility, agriculture, and distributed power with high
efficiency and durability. Their widespread use also
intensifies the need to control regulated exhaust
pollutants. Nitrogen oxides and soot remain difficult to
control in diffusion-dominated combustion. Fuel-focused
strategies are attractive, avoiding costly and complex
hardware changes. Liquid biofuels are particularly
relevant because they fit the existing logistics. Biodiesel
is a widely studied alternative fuel in this group. It is
produced from triglyceride feedstock through
transesterification. It contains oxygen within the fuel
molecule (Vellaiyan, 2025a). This oxygen supports
oxidation reactions during combustion. Biodiesel also
provides lubricity, which benefits fuel system

components. However, its properties differ from those of
petroleum diesel. Viscosity, density, volatility, and
heating values commonly shift. These shifts influence the
spray breakup, evaporation, and mixture formation. They
also influence the ignition delay and heat-release
phasing. These coupled effects motivate the formulation-
control approach rather than reliance on single-fuel
substitution (Arumugam et al. 2024).

Non-edible oils have received sustained
attention, as they do not directly compete with the food
supply. Calophyllum inophyllum, Nerium oleander, and
Madhuca indica (Mahuva) have been reported as viable
feedstocks for biodiesel production via transesterification
(Aurtherson et al. 2024). Prior engine investigations have
described the stable operation of these methyl esters
under controlled settings. Performance and emission
responses have also been reported to be sensitive to the
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load and operating conditions. Property-driven mixing
limitations have been frequently discussed for low and
mid-load. Cold flow behavior and viscosity effects were
also observed for specific feedstocks. Additive packages
were introduced to address fuel system cleanliness,
oxidation stability, and dispersion needs (Nachippan et
al. 2024). Earlier studies have also applied blending with
diesel or oxygenates. The injection timing and pressure
adjustments have also been explored in several studies.
These efforts have established the feasibility of using
non-edible biodiesels. They also indicated that the
formulation and operating conditions jointly governed
these outcomes. A consistent and comparable framework
across multiple feedstocks has not always been
established (Janaki ef al. 2024).

Metal-oxide  nanoparticles  have  been
investigated as fuel conditioners because of their surface
activity and oxygen-related redox behavior. Al203, CeOs,
and TiO: are the most frequently adopted oxides in
engine-focused studies. CeO: is linked to oxygen storage
and release through Ce**/Ce** redox cycling. TiO: has
been discussed in relation to surface-mediated oxidation
and thermal effects. Al.O; was examined as a catalytic
support and a heat-transfer modifier. Prior experiments
have reported changes in the combustion phasing and
regulated emissions. These studies also used different
nanoparticle concentrations and dispersion methods. The
sonication time, surfactant chemistry, and storage
duration varied widely. Some studies have reported
limited information on sedimentation control. Many
investigations have used a narrow set of load points or
feedstocks. Some studies have changed the engine speed,
injection settings, or sampling basis between trials. As a
result, the clear separation of feedstock effects from
conditioning effects remains difficult (Hariram et al.
2025).

Several methodological shortcomings persist
across the literature. Comparable dosing has not been
adopted consistently for oxides and fuels. Dispersion
quality has not always been verified through morphology
or size statistics. Agglomeration and settling can alter the
effective surface area of the fuel phase (Yang ez al. 2025).
This change can alter the catalytic accessibility and
transport through fuel lines. Sampling practices also
influence measured outcomes. Analyzer warm-up, drift
checks, and basis corrections are not always described in
sufficient detail. Uncertainty budgets have also been
inconsistently presented. These issues limit the
reproducibility and cross-study comparisons. They also
limited the development of datasets suitable for
calibrating combustion models. Thus, the field required a
harmonized dataset collected under a single operating
map. The need was also extended to multiple non-edible
biodiesels tested under identical conditioning protocols.
Direct comparison of oxide-conditioned non-edible
biodiesels remains limited by inconsistent dosing,
dispersion practices, operating points, and measurement
protocols (Kumar et al. 2025).
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This study addresses this gap by applying a
fixed-dose conditioning matrix to three non-edible
biodiesels and one diesel reference. Calophyllum,
Nerium, and Mahuva methyl esters were selected because
their fatty acid profiles differ. These differences produce
distinct viscosity—volatility—ignition tendencies. The
oxide set was restricted to Al2Os, CeOz, and TiO: to
represent the contrasting surface chemistry and redox
behavior. A single additive dose was retained to stabilize
the formulations and maintain comparable handling. A
single nanoparticle dose was retained to isolate the oxide
and feedstock identities as the dominant factors. A
repeatable dispersion protocol was applied for each
blend. The experimental program was organized
according to a defined brake power schedule. A constant
engine speed and single test configuration were
maintained. The performance metrics and regulated
emission indicators were acquired within the same
instrumentation system. Data reduction was also held
constant across the fuels. These design choices define the
novelty of this study. A unified framework was created
for multi-feedstock, multi-oxide comparison under
controlled dosing and measurement practices.

The objective of this study was to quantify the
steady-state performance and regulated emissions of
additive-treated and Al.Os-, CeO:-, and TiO2-conditioned
Calophyllum, Nerium, and Mahuva biodiesels, relative to
diesel, across a prescribed brake-power range.

2. MATERIALS AND METHODS

Petroleum diesel fuel, in compliance with
ASTM D975, was used as the reference, and three non-
edible biodiesel fuels were prepared from the crude oils
of Calophyllum inophyllum, Nerium oleander, and
Madhuca indica (Mahuva). Al:Os, CeO2, and TiO:
nanopowders were used as oxide modifiers, and a
commercial fuel-conditioning additive package was used
as a dispersant—detergent—stability additive at a fixed
dose. Anhydrous methanol (>99.8%, Merck, Darmstadt,
Germany), sodium hydroxide pellets (=98%, Merck), and
deionized water (18.2 MQ-cm) were used for
transesterification and washing. Nanopowders were
procured as commercial grades with certificate-reported
purity >99% and nominal primary particle size of 20-50
nm. All masses were measured using an analytical
microbalance (Mettler Toledo XPR205DR, Mettler
Toledo, Columbus, OH, USA; readability 0.01 mg), and
all liquid volumes were prepared using Class A
volumetric glassware. The material set and nominal
specifications used for fuel preparation and conditioning
are listed in Table 1. Batch identifiers were assigned to
each biodiesel and conditioned blend to preserve
traceability through preparation, testing, and data
reduction.
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Table 1. Raw materials and nominal specifications used for
biodiesel synthesis and fuel conditioning

Item Specifications Supplier / Standard
Diesel fuel Ultra-low sulfur diesel ASTM D975
. Non-edible crude oil, .
Calophyllum oil filtered Local supplier
. . Non-edible crude oil, .
Nerium oil filtered Local supplier
. Non-edible crude oil, .
Mahuva oil filtered Local supplier
Methanol >99.8% anhydrous Merck, Germany
Sodium hydroxide >98% pellets Merck, Germany
o . g .
ALOs nanopowder >99% purity, 20-50 Commercial
nm nanopowder grade
o . S .
Ce0, nanopowder >99% purity, 20-50 Commercial
nm nanopowder grade
o . S .
TiO: nanopowder >99% purity, 20-50 Commercial
nm nanopowder grade
Fuel-conditioning Proprictary package Commercial additive
additive P P g grade
Deionized water 18.2 MQ-cm In-house system

Biodiesel fuels were produced as fatty acid
methyl esters via base-catalyzed transesterification. Each
crude oil was filtered through a 5 um membrane and
dehydrated under vacuum at 60 °C for 2 h. A methanolic
catalyst solution was prepared by stirring sodium
hydroxide into anhydrous methanol until complete
dissolution. The dehydrated oil was charged into a
jacketed glass reactor fitted with a reflux condenser and
mechanical agitator, and the temperature was maintained
at 60 = 1 °C using a circulating bath. Methanol was added
to achieve a 6:1 methanol-to-oil molar ratio, and the
catalyst loading was fixed at 1.0 wt.% relative to the oil
mass. The reaction mixture was stirred at 700 rpm for 90
min, transferred to a separation vessel, and left
undisturbed for 12 h. The glycerol phase was drained, and
the ester phase was washed repeatedly with warm
deionized water until the wash water approached neutral
pH. Residual water was removed by heating at 105 °C
until a constant mass was recorded. The esters were
cooled to ambient temperature and stored in amber

bottles under nitrogen headspace. The fuel properties
required for energy-based calculations were measured
prior to engine testing using standardized methods,
including the density at 15 °C, kinematic viscosity at 40
°C, and gross heat of combustion. A lower heating value
was obtained from the measured gross heat of
combustion using the standard water formation
correction implemented in the calorimetry software and
recorded as the lower heating value (LHV), an input for
the brake thermal efficiency calculation.

Fuel conditioning was performed by preparing,
for each biodiesel, one additive-treated baseline
(additive-only) and three oxide-treated blends (Al:Os,
CeO:, TiO2) containing both additive and nanopowder.
The additive dose was fixed at 200 mg-L™!, and the
nanopowder dose was fixed at 200 mg-L! for all oxide-
treated blends. The concentrations were set
gravimetrically from the dosed mass and the prepared
fuel volume, using Eq. (1).

C (1)

m
%4

In Eq. (1), C denotes the mass concentration
(mg-L™"), m denotes the dosed mass of additive or
nanopowder (mg), and V denotes the prepared fuel
volume (L). Fig. 1 illustrates the conditioning workflow
for dosing, dispersion, and transfer to the engine day
tank, showing the order of weighing, predispersion,
ultrasonication, bulk homogenization, and sealed storage
before testing. The nanopowders were pre-dispersed into
50 mL aliquots of the target biodiesel under magnetic
stirring at 800 rpm for 20 min, and probe ultrasonication
was applied at 20 kHz for 15 min using a pulsed duty
cycle. The pre-dispersion was transferred into the bulk
fuel volume and homogenized using a mechanical
overhead stirrer at 600 rpm for 30 min. Then, the additive
was dosed, and mixing was maintained for 15 min. The
prepared blends were stored in sealed metal containers at
laboratory temperature and transferred to the day tank
immediately before testing.

Weighing Pre-dispersion in Probe Transfer to
. — — —
(additive/nanopowder) 50 mL biodiesel ultrasonication bulk volume
Day tank — Sealed - Overhead stirring
filling storage homogenization

Fig. 1: Fuel additive and nanopowder dispersion workflow
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Engine experiments were conducted using a
single-cylinder, four-stroke, water-cooled, direct-
injection compression-ignition engine coupled to an
eddy-current dynamometer. A dynamometer controller
regulated speed and load, and a strain-gauge torque
transducer was used to measure torque. Airflow was
measured using a laminar flow element with a differential
pressure transducer, and fuel mass flow was measured
using a Coriolis meter. The exhaust gas temperature was
measured using a K-type thermocouple inserted into the
exhaust duct and conditioned with a thermocouple
amplifier. Gaseous emissions were measured using an
exhaust gas analyzer suite comprising a non-dispersive

infrared (NDIR) analyzer for CO and CO.,
electrochemical sensors for 0., a flame ionization
detector (FID) for total hydrocarbons, and a

chemiluminescence analyzer for NO. Smoke was
measured using a filter-type smoke meter. The principal
instrumentation and nominal metrological specifications
are summarized in Table 2 and were used as references
for calibration scheduling and uncertainty assignment.

The dynamometer controller maintained a
constant engine speed throughout testing, and speed
verification was performed using an optical tachometer
(Extech 461920) at three set points. The controller
scaling was adjusted when deviations exceeded the
laboratory acceptance criterion. Testing was performed
under steady-state conditions at five brake-power
setpoints (BP = 0, 1.256, 2.512, 3.768, and 5.024 kW).
After each load change, a 5-min stabilization period was
applied. For each setpoint, data were acquired for 180 s
at 1 Hz synchronized logging, and reported values were
computed as the mean of the final 60 s window. Three
independent repeats were performed for each fuel
condition. The ambient laboratory temperature was
maintained at 25 + 2 °C. The coolant temperature was
regulated using a thermostatic bath connected to the
engine jacket, and the fuel temperature at the injection
pump inlet was monitored and maintained within +2 °C.
Between fuels, the fuel circuit was flushed with the
incoming blend for 10 min, and the engine was operated
at low load to reduce carryover within the pump and
injector. The operating conditions, stabilization intervals,
and acquisition windows are listed in Table 3.

Calibration and verification were performed
before each test day and after completion of each fuel
family. Fig. 2 shows the experimental engine used in this
study. Torque calibration was conducted using a dead-
weight arm and a multi-point loading schedule, and the
calibration relationship between the torque and sensor
output was obtained using linear regression, using Eq.

Q).
T=aV +b o)

In Eq. (2), T denotes brake torque (N-m), V
denotes the torque-cell output (V), a denoted the slope
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(N'm-V™), and b denotes the intercept (N-m). Speed
verification was conducted using an optical tachometer
(Extech 461920, Extech Instruments, Nashua, NH, USA)
at three set points, and controller scaling was adjusted
when deviations exceeded the laboratory acceptance
criterion. The fuel mass flow verification was conducted
by timed mass collection using an analytical balance and
by comparing the measured mass to the Coriolis output
over the same interval. The airflow verification was
conducted using a secondary flow reference connected to
a laminar flow element. Thermocouple verification was
conducted using a dry-block calibrator (Fluke 9142,
Fluke Corporation, Everett, WA, USA) at 200 °C, 400 °C,
and 800 °C, and offsets were applied within the data
acquisition (DAQ) scaling configuration. Gas analyzers
were warmed for at least 45 min, zeroed using high-
purity nitrogen (99.999%), and spanned using certified
calibration gases traceable to national standards; heated
sampling lines were maintained at 190 °C for the
hydrocarbon channel to limit condensation losses, and
particulate filters were installed upstream of the
analyzers (Sateesh et al. 2024).

Table 2. Engine test bench instrumentation, model
identifiers, and nominal measurement specifications

Instrument Make Range (Capability Resolution

Measurement (Model) / used)
Dynamometer
0-6000 rpm (used:
Speed encoder (AG- FH 1500 rpm) 1 rpm
10)
Torque oMl gy 0 100N-m  0.01Nm
q (AG-10) :
Fuel mass  Coriolis meter . L. 0.001
flow (CMFO10M) MM  used: 0-30 kg-h kgl
di fI%;Ential LFE-dependent; AP
Air mass flow MER Sensor range 0.1 Pa
pressure model-dependent
(M200)
K-type NI-9213: 78.125
terix};?ztslire thermocouple TC/NI mV input; K-type 24-bit ADC
P +NI-9213 per NIST range
. Report
Report unit
Smoke meter . from the
Smoke (437C) AVL (opacity/BSN/FSN) instrument
and span used
manual

The test bench layout and sensor placement
were configured to support the synchronized acquisition
of the mechanical, thermal, and emission channels. Fig.
3 shows the bench schematic used for fuel delivery,
airflow measurement, exhaust sampling, and signal
routing, which identifies the day tank, fuel meter, airflow
element, thermocouple position, and analyzer sampling
ports. Exhaust sampling was performed using a stainless
steel probe inserted into the exhaust duct downstream of
the manifold, with the probe outlet connected to the gas
analyzers via heated, insulated lines. Smoke sampling
was conducted through the smoke meter sampling
interface using the instrument's prescribed draw
sequence. A common timing signal from the DAQ
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chassis was used to time-stamp all channels, and
synchronization was verified by applying step changes in
the load and observing coincident changes in torque and
fuel flow within the same sample index (Bikkavolu ef al.
2025).

Fig. 2: Experimental engine test rig

The brake power was calculated from the speed
and torque, using Eq. (3).
2nNT

~ 60,000 - (3)

Table 3. Engine operating conditions, boundary settings,
and data acquisition schedule used for all fuels

Parameter Setting

tant 1
Speed control Constant speed under dynamometer

control
Brake-power setpoints 0, 1.256,2.512, 3.768, 5.024 kW
Stabilization time per setpoint S min
Acquisition duration per 180 s

setpoint

Averaging window final 60 s of each acquisition

Sampling rate 1 Hz synchronized logging

three independent repeats per fuel

Replication condition

In Eq. (3), BP denotes brake power (kW), N
denotes engine speed (rev-min'), and T denotes brake
torque (N-m). In the present study, the engine speed N in
Eq. (3) was taken as the measured mean speed over the
final 60 s averaging window at each brake-power
setpoint. Brake-specific fuel consumption was calculated
using Eq. (4).

Air & Plasma System

HV Pulse Supply
(5-20 kV,
10-1k Hz)

+ Control Unit

Air Filter DBD Plasma Intake Manifold ‘1 3

Piezoelectric
Pressure Sensor

[ H Charge Amplifier }

[

l

1

l

1

l

[

i |
! | Trigger
1

|

1

l

i

1

i

R

Ambient Air) Discharge Device & Valve

Crank An-
gle Encoder  fF----coooooo -
(0.1° CA)
TEST ENGINE
Single-cylinder, DAQ / Computer
4-stroke, DI CI Combustion Analysis:

Torque/Speed|  progsure-CA, HRR

Bore x Stroke:

Eddy Current
Dynamometer

= Dvnamometer [~~~ "~ >
87.5 x 110 mm Coupling Performance:
CR: 17.5:1 Torq\)g. Spaad. Power
Inj: 220 bar, 23° TDC i Emissions Data
|
fffffffffffffffffffffffffffffffffffffffffffffffffff 1 1
| Load Controller '
Fuel Tank | :
Diesel/B20 . Fuel Measurement | | S Smoke Meter !
sy el Hilter H (Burette/Sensor) [ (AvLasr)  [TTTTTC
B20 + TiO2 |
777777777777777777777777777777777777777777777777777 I
Fuel System
Fig. 3: Engine—dynamometer layout and measurement lines
BsFc =11 @) BTE 100 )
= — .. =07 X ..
BP 1, LHV

In Eq. (4), BSFCdenoted brake specific fuel
consumption (kg-kW™"-h™") and 7hdenotes fuel mass
flow rate (kg-h™). Brake thermal efficiency was

calculated using the lower heating value of each tested
fuel (Eq. 5).

BTE denoted brake thermal efficiency (%) and
LHVdenoted the lower heating value (kJ-kg™) with
consistent unit conversion applied in the computational
implementation. Time-window averaging was applied to
each raw channel prior to the calculation of the derived
metric using Eq. (6).
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x

i=1

1
n 2%

.. (6)

x denotes the window-averaged value of a
measured channel, x; denotes the i-th sample in the
window, and n denotes the number of samples in the
averaging window. To reduce crowded equation cross-
referencing and strengthen traceability between
measurements, reduction equations, and uncertainty
inputs, the calculation map summarized in Table 4 was
used to link each reported quantity to its measured inputs,
acquisition step, and uncertainty source, which was cited
at the point where the associated metric was first
described.

Table 4. Calculation map linking measured channels, data-
reduction equations, and uncertainty propagation inputs for
reported metrics

Reported Reduction RLinay Reduction  Calibration

Uncertainty analysis was executed as a distinct
workflow applied after data reduction, and was tied to the
same measured input set summarized in Table 4. The
combined standard uncertainty of the derived quantity
y = f(x1,...,x,) was calculated using first-order
propagation, as expressed in Eq. (7).

p

af\?
() = E (a) u? ()
gl

j=1

)]

In Eq. (7), u.(y) denotes the combined standard
uncertainty in units of y, x;denotes the j-th input
variable, u(x;) denotes the standard uncertainty of x;,
and p denotes the number of inputs. The expanded
uncertainty was calculated using Eq. (8), with a coverage
factor, k = 2.

U=ku.(y) - (®)

q " Measured q
Quantity  Equation 'y, Step Linkage Source In Eq. (8), U denotes the expanded uncertainty
Window  Toraue dead- and k d.enot.es the coverage factor (dimensionless). The
Brake power 3) N (rpm), average — weight; uncertainty in brake power was calculated by applying
T (N'm) compute BP tac(l:l}cl);rcliter Eq. (7) to Eq. (3), yielding Eq. (9).
Window 2 2
e (kg'h™), average — Gravimetric fuel- BP) = 2nt N)) + 2N T .9
BSFC @ BP (kW)  compute flow verification ue(BP) (60 000 u )) (60 000 u )) ©)
BSFC
BP (W), Compute o . . In Eq. (9), u(N ) denotes the standard
BTE ) iy (kgh™), BTE with m‘;t"}f(‘)?zn%’ uncertainty of speed (rev-min') and u(T) denotes the
LHV (k'’kg ~ unit_ repeats standard uncertainty of torque (N-m). The uncertainty in
M conversion the BSFC was calculated by applying Eq. (7) to Eq. (4),
Exhaust . T, (°C) Window Dry-block yielding Eq. (10):
temperature ek average verification
Zero/span 1 2 Thy 2
Analyzer corrected — Certified gases; u (BSFC) = |{== u@my)| + (== u(BP) ... (10)
CO, HC, NO o outputs window drift check (BP g ) (BP2 )
average
P— ' In Eq. (10), u(ms) denotes the standard
Smoke - Smoke  protocol — Optical reference ~ uncertainty of fuel mass flow rate (kg-h™). The
index recorded routine uncertainty in the BTE was calculated by applying Eq.
value (7) to Eq. (5), yielding Eq. (11):
5TE 00 2 L (LooBP 2 L (LooBP 2 »
u = [|———=u ——— u(m —u
«(BTE) 1y LHV (BP) 2 LHV () 1y LHV? (LHY) (b
In Eq. (11), u(LHV) denotes the standard
uncertainty of the lower heating value (kJ-kg™) obtained ..(12)

from the repeated calorimetry and instrument
specifications (Demirtas et al. 2024). Replication was
implemented in three independent repeats per fuel
condition, as defined in Table 3, and repeatability was
quantified using the sample standard deviation expressed
in Eq. (12).
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In Eq. (12), s denotes the sample standard
deviation, x; denotes the i-th replicate value, X denotes
the replicate mean, and n denotes the number of
replicates.
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Nanopowder morphology and agglomerate
statistics were documented using scanning electron
microscopy and image-based measurements, with the
procedure confined to acquisition and quantification.
SEM imaging was performed using a field-emission
SEM (FEI Quanta 250 FEG, Thermo Fisher Scientific,
Hillsboro, OR, USA) operated at 5-10 kV for
morphological imaging and 15 kV for EDX
confirmation, with a working distance of 8—10 mm. The
samples were prepared by depositing a small quantity of
nanopowder onto conductive carbon tape on aluminum
stubs, and Au/Pd sputter coating was applied using a
Quorum Q150R ES (Quorum Technologies, Laughton,
UK) with a nominal thickness of 5 nm to reduce charging.
Fig. 4 presents a schematic of the SEM image-processing
pipeline used for scale calibration, segmentation,
equivalent circular diameter (ECD) computation, and
percentile extraction, which identifies the sequence used
to convert grayscale micrographs into binary masks and
measured objects without introducing mechanistic
interpretation. Image analysis was conducted using
Image] (National Institutes of Health, Bethesda, MD,
USA) for thresholding and particle labeling, and batch
calculations were performed using Python for
distribution and percentile extraction.

SEM Scale calibration Noise
. — ~1 — .
micrograph (um-px~1) filtering
Obje.Ct - Watershe.d - Thresholding
labeling segmentation
Area (A) ECD CDF/percentile
extraction computation (D10, D50, D90)

Fig. 4: SEM segmentation and ECD extraction workflow

The equivalent circular diameter is computed
from the segmented object area, as expressed in Eq. (13).

’4A
ECD = |—
T

In Eq. (13), ECD denotes the equivalent circular
diameter (um), and A denotes the segmented projected
area (um?) obtained after pixel-to-length conversion

... (13)
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using the calibrated scale. Percentiles were extracted
from the empirical cumulative distribution function,
F(d), of the measured ECD values by identifying
diameters, D,, satisfying F(D,) =p/100, and the
extraction algorithm was implemented consistently
across the oxides using the same thresholding strategy
and watershed settings recorded in the analysis log.

3. RESULTS AND DISCUSSION

Fig. 5 illustrates the SEM-derived agglomerate
morphology, along with ECD statistics from segmented
boundaries, presented as a cumulative distribution
function (CDF) and frequency histograms for the three
oxide nanopowders. Fig. 5 (a) displays densely clustered
AlOs agglomerates with segmentation outlines that
partition contiguous clusters into discrete objects, and the
measured dataset indicated n = 379 with a mean ECD of
2.07 um, D10=0.87 pm, D50 = 1.82 pum, and D90 =3.73
pm, while the histogram retains a right-skewed tail
extending toward ~7 pm. Fig. 5 (b) shows CeO:
agglomerates with a similar clustered topology but with
a slightly shifted distribution toward a smaller median
size, and the measurements indicated n = 424 with a
mean ECD of 2.09 um, D10 = 0.85 um, D50 = 1.75 um,
and D90 = 3.81 um; the cumulative curve rises rapidly
below ~3 pum and then approaches saturation gradually,
consistent with a minority population of larger
agglomerates. Fig. 5 (c) presents TiO: agglomerates with
segmentation that yields larger enclosed regions at a
comparable imaging scale, and the measurements
indicated n = 367 with a mean ECD of 2.31 ym, D10 =
0.87 um, D50 = 2.06 pm, and D90 = 4.12 pm,
accompanied by a broader upper tail and sustained counts
above ~3 pm. These trends suggest that TiO» formed the
largest characteristic agglomerates, which implies a
reduced external surface-to-volume ratio and an elevated
propensity for gravitational settling during liquid-phase
dispersion. The lower D50 values for CeO. and Al.Os
imply a larger fraction of smaller agglomerates that can
sustain suspension stability under identical mixing and
ultrasonication protocols. The shared right-skewed
distributions across Figs. 5 a—c indicate that
agglomeration governs the effective particle size relevant
to fuel handling and catalytic accessibility, and the
distinct D90 ranking (TiO2 > CeO: > Al.Os) highlights
oxide-dependent cohesion, which is expected to
influence repeatable dosing, injector-line transport, and
the persistence of active surface area during engine
operation.
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Fig. 5: (a) Al;0; ECD CDF and histogram, (b) CeO, ECD CDF and histogram and (c) TiO, ECD CDF and histogram

Diesel-referenced quantitative comparisons
were used to support each stated trend in the matched
brake power. The percentage change relative to diesel

Xi—Xg;
was defined as, A(%) = % x 100, where X; was
diesel

the measured response for a given formulation and
Xgieser Was the diesel value at the same operating point.
The absolute values and corresponding A(%) values
were reported for each response at BP = 5.024 kW to
provide a single-load anchor for cross-fuel comparison.
Textual comparisons were aligned with these normalized
values such that each increase or decrease was traceable
to a specified magnitude.

Fig. 6 illustrates the comparative BP-dependent
BSFC behavior of diesel and the three non-edible
biodiesels with nanoparticle-conditioned formulations.
The BSFC rises sharply from the zero-load point to a
local maximum at BP = 1.256 kW and then declines with

further loading toward BP = 5.024 kW. The experiments
yielded peak BSFC values clustered near 0.62-0.66
kg-kW™'-h™! at BP = 1.256 kW, followed by a reduction
to 0.33-0.40 kg-kW~'-h™* at BP = 2.512 kW. At BP =
3.768 kW, most curves remain within about 0.28-0.34
kg-kW™'-h™!, while one TiO:-conditioned Nerium trace
retained a higher mid-load level near 0.36 kg-kW~'-h™".
At BP = 5.024 kW, the dataset converged toward 0.23—
0.27 kg-kW™"-h™", indicating a narrowing of fuel-to-fuel
separation as load increased. This load response is
consistent with the physics of compression-ignition
operation, in which indicated work rises faster than
parasitic losses as torque increases, and the ratio,
BSFC = m;/BP, decreases, as expressed by Eq. (4) used
in the reduction workflow. The low-load peak suggests
that mixing-controlled combustion and wall heat losses
limit the effective conversion when the injected mass per
cycle is small, whereas a higher load promotes a higher
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in-cylinder temperature and faster oxidation kinetics,
reducing the fuel mass required per unit brake output.
The modest dispersion of the nanoparticle-conditioned
curves around the base biodiesel traces suggests that
catalytic oxygen buffering, altered spray microstructure,
and rheology-driven changes in atomization acted

together, with CeO:. and Al:Os trends aligning with
slightly reduced BSFC at higher loads for selected fuels,
whereas TiO: conditioning introduced a fuel-specific
mid-load deviation that is consistent with sensitivity to
dispersion stability and viscosity-mediated injection
dynamics (Jayabal and Rajkumar, 2025).
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Fig. 7 illustrates the BP-dependent evolution of
brake thermal efficiency for diesel and the three non-
edible biodiesels under baseline additive conditioning
and oxide-nanoparticle treatments. The curves increase
monotonically with the brake power, with the steepest
rise between BP = 0 and 1.256 kW and a progressively
reduced slope toward BP = 5.024 kW. The experiments

indicated that diesel maintained the highest BTE at each
loaded point, reaching 16% at 1.256 kW, 24% at 2.512
kW, 31-32% at 3.768 kW, and 34% at 5.024 kW, whereas
biodiesel-based fuels populated a lower band that
expanded at mid-load and tightened at the highest load.
At BP = 1.256 kW, the biodiesel and treated-biodiesel
traces clustered near 10-13%, and at BP=2.512 kW, they
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spread to 16-22%, reflecting fuel-specific sensitivity to
combustion phasing and mixing quality, which were
strongly load dependent. At BP = 3.768 kW, several
nanoparticle-conditioned blends approached the upper
portion of the biodiesel band by 27-29%, whereas the
lower envelope remained near 23-25%. At BP = 5.024
kW, the upper biodiesel traces reached 31-32%, while the
lowest remained near 25-26%, indicating that the
separation persisted but decreased relative to the absolute
efficiency scale at a high load (Priya and Ranjitha, 2025).
This load response aligns with the definition of brake

BTE = 22— x 100,
myg

LHV

thermal efficiency, because

increasing the brake power reduces the fractional
influence of friction and wall heat transfer while
sustaining a higher in-cylinder temperature that supports
faster oxidation kinetics and reduced late-cycle heat
release. The treatment-dependent ordering suggests that
oxide nanoparticles modify the effective combustion
process through the combined catalytic activity, oxygen-
buffering behavior, and altered spray microstructure,
thereby shifting the ignition delay and diffusion-flame
oxidation rates in a fuel-dependent manner (Raviteja et
al. 2024).

Measurement  uncertainty was used to
contextualize the discussion of small separations among
the curves. Expanded uncertainty bounds for speed,
torque, fuel flow, temperature, and gas analyzers were
treated as limits for distinguishing differences, and curve
separations comparable to these bounds were described
as indistinguishable within the measurement constraints.
The uncertainty magnitudes used for interpretation are
summarized in Table 5, and statements describing
marginal differences were constrained to comparisons
that exceeded the stated expanded uncertainty.

Table 5. Expanded uncertainty bounds (k = 2)

Expanded
Quantity Uncertainty Basis Uncertainty, U (k=
2)
Speed, N Encoder verification +0.2% of reading
Torque, T Dead-weight calibration ~ +0.5% of reading
Fuel mass flow, 1 Meter verification +0.5% of reading
Exhaust gas — o
e ——— Thermocouple calibration +2 °C
CO NDIR. zero(sp an +2% of reading
specifications
HC FID zero/span specifications  £2% of reading
NO Chemllummf?scen.ce +2% of reading
zero/span specifications
Smoke Smoke meter specifications  +2% of reading

Mechanistic discussions were constrained to an
evidence-supported  interpretation  derived  from
measured outputs. Catalytic surface effects and oxygen-
buffering behavior were treated as literature pathways
rather than as directly verified causation because in-
cylinder pressure traces, heat-release reconstruction, and
post-test surface chemistry were not included in the
measurement set. Interpretations were framed in terms of
consistency between the observed load-dependent
responses and established redox and surface-oxygen
concepts reported for oxide additives, while the primary
emphasis remained on experimentally quantified
performance and emission metrics. The persistence of a
diesel advantage across the full load range suggests that
differences in spray formation, volatility distribution, and
combustion completeness remained influential even after
additive and nanoparticle conditioning, while the curves
at higher loads indicate that thermochemical conditions
increasingly dominated the fuel property effects (Kanwal
et al. 2025).
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Fig. 8 illustrates the load-dependent evolution
of exhaust gas temperature for diesel and the three
biodiesel fuels under baseline additive conditioning and
oxide-nanoparticle treatments. The EGT increases
monotonically with brake power across all fuels, and the
separation among curves widens as BP increases. The
experiments indicated that diesel sustained the lowest
exhaust temperatures across the operating range,
increasing from 165 to 170 °C at BP = 0 kW to 265-270
°C at BP = 5.024 kW. The biodiesel baselines produced
higher EGT than diesel at each loaded point, with
Calophyllum increasing from ~180 °C at BP = 0 to ~295
°C at BP = 5.024 kW, Nerium increasing from ~175 °C
to ~310 °C, and Mahuva increasing from ~190 °C to
~320 °C. Within each biodiesel family, AlLOs-
conditioned traces remained at the lower envelope of the
treated set, reaching 245-255 °C at BP =5.024 kW, while
CeO:-conditioned traces occupied intermediate positions
and TiO:-conditioned traces shifted toward the upper
envelope, reaching 290-330 °C at BP = 5.024 kW,
depending on the feedstock (Yusuf et al. 2022). These
patterns suggest that the additive—nanoparticle systems
altered the distribution of the released chemical energy
between the indicated work, wall heat transfer, and
exhaust sensible enthalpy. A higher EGT is consistent
with a larger fraction of heat release occurring later in the
expansion stroke or with reduced in-cylinder heat
extraction, both of which elevate exhaust enthalpy at the
valve. The stronger EGT rise for Mahuva and Nerium
suggests a greater sensitivity of their spray—evaporation—
mixing sequence to fuel viscosity and volatility, which
can shift combustion phasing and sustain elevated
exhaust temperatures at higher loads. The ordering of
AlOs < CeO: < TiO: within each fuel suggests that
varying catalytic and thermal-transport influences
governed oxidation intensity and late-cycle burn
duration, with TiOz-associated behavior consistent with
sustained high-temperature exhaust flow, and AlLOs-
associated behavior consistent with reduced exhaust
temperature under identical brake-power demand (Patel
and Patel, 2025).

Fig. 9 illustrates a monotonic decrease in CO
with increasing BP for each fuel, with the largest
separation at low loads and progressive convergence at
high loads. The experiments indicated that diesel
decreased from 0.30% at BP =0 to 0.12% at BP = 5.024
kW, establishing the lowest baseline across most
operating points. The uncoated biodiesel baselines
remained higher than diesel at each load, declining from
0.35-0.38% at BP =0 to about 0.18-0.22% at BP =5.024
kW, with Mahuva retaining the highest CO envelope and
Calophyllum forming the lowest biodiesel envelope.
Nanoparticle conditioning shifted the biodiesel curves
downward at all loads, and the magnitude of the
reduction depended on the oxide type and feedstock.
Al:O; conditioning produced the strongest suppression,
yielding terminal CO levels near 0.10% for Al.Os +
Calophyllum, about 0.15% for Al.Os + Nerium, and about
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0.17% for Al.Os + Mahuva at BP = 5.024 kW, while
CeO2- and TiOz-conditioned fuels clustered at
intermediate values near 0.16—-0.20% at the same point.
The load dependence is consistent with CO oxidation
kinetics, which accelerate with an increase in in-cylinder
temperature and extended high-temperature residence,
thereby reducing the fraction of partially oxidized
products discharged at the exhaust valve (Lionus et al.
2023). The higher CO levels for the biodiesel baselines
suggest that viscosity- and volatility-driven changes in
the spray breakup and local equivalence ratio distribution
sustained fuel-rich pockets at low and mid load, despite
the intrinsic fuel-bound oxygen that supports oxidation in
well-mixed regions. The downward shifts produced by
oxide conditioning suggest that heterogeneous catalytic
pathways and oxygen buffering enhanced the conversion
of CO to CO: in the diffusion-flame and post-flame
zones, while also implying improved microscale mixing
through altered droplet behavior and reduced quench-
layer persistence. The persistence of Mahuva as the upper
envelope across treatments indicated that feedstock-
specific physical properties continued to shape local
mixing and late-cycle oxidation, even under identical
dosing and dispersion protocols (Prakash et al. 2024).

Fig. 10 illustrates the strong load dependence of
HC, with all curves descending as BP increased and with
the steepest reduction occurring between BP = 1.256 and
2.512 kW. The measured outcomes indicated that diesel
started near 50 ppm at BP = 0 and declined to 20 ppm at
BP =5.024 kW, whereas the uncoated biodiesel baselines
occupied a higher band, decreasing from 65 to 69 ppm at
BP = 0 to 28-31 ppm at BP = 5.024 kW. The
nanoparticle-conditioned fuels remained within the
diesel and uncoated biodiesel envelopes across most
loads, and the spread narrowed progressively at high BP,
where the lowest-treated cases approached the diesel
level. At BP = 0, the Al:Os-treated blends yielded the
lowest HC within the treated set for each feedstock, with
values near 55-61 ppm, while the CeO--treated and TiO--
treated blends occupied higher positions near 59—68 ppm.
At BP = 2.512 kW, diesel remained near 31 ppm, Al2Os
+ Calophyllum reached 30 kW, and the remaining treated
blends clustered near 32-39 kW, with uncoated Mahuva
retaining a higher level near 45 kW. At BP = 5.024 kW,
diesel remained near 20 ppm, Al.Os + Calophyllum also
reached about 20 ppm, AlOs-treated Nerium and
Mahuva remained near 22-24 ppm, CeO:-treated cases
clustered near 22-24 ppm, and TiO:-treated cases
remained near 25-28 ppm, while uncoated fuels
remained near 28-31 ppm. These patterns suggest that
the rising load increased the in-cylinder temperature and
oxidation residence time, reducing quench-layer survival
and limiting the discharge of partially reacted fuel
fragments(Manalu et al. 2025). The consistently higher
HC of uncoated biodiesels indicates that feedstock-
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dependent viscosity and volatility affect spray breakup
and wall interactions, sustaining localized over-rich or
quenched zones at low and moderate loads. The
downward shifts produced by oxide additions suggest
enhanced post-flame oxidation through catalytic surface
pathways and oxygen availability in diffusion-controlled

regions, with Al>Os-associated behavior aligning with the
strongest suppression and TiO:-associated behavior
aligning with a weaker reduction. In contrast, Mahuva
retained the upper envelope across treatments, consistent
with persistent mixing- and evaporation-related
constraints under identical dosing (Jayabal, 2025).
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Fig. 11 illustrates a strong monotonic increase
in NO with brake power across all fuels, with divergence
among formulations becoming pronounced at mid- to
high loads. NO levels increased with engine load for both
fuels. For diesel, NO rose from 138—150 ppm at BP =0
kW to 760-790 ppm at BP = 5.024 kW. For uncoated
biodiesel, NO increased from 145-165 ppm at BP=0 kW
to 810—880 ppm at BP = 5.024 kW, exceeding diesel at
full load. Most nanoparticle-conditioned blends
exhibited similar increasing NO trends, clustering tightly
up to BP = 1.256 kW with values around 190-246 ppm.
Beyond this load, the curves diverged, reaching 370-449
ppm at BP =2.512 kW and 600-673 ppm at BP = 3.768
kW. At BP = 5.024 kW, most treated blends grouped
between 790 and 890 ppm, whereas one ALOs +
Calophyllum trace reached the highest measured value of
approximately 980 ppm, indicating a distinct high-load
deviation relative to the other treatments. A second
notable feature is a step-like increase for Al.Os + Mahuva
at BP = 2.512 kW, where NO rises to 628 ppm and then
remains aligned with the higher-load cluster, suggesting
a localized shift in NO formation at this intermediate
load.

These trends are consistent with temperature-
sensitive thermal NO pathways, in which the formation
rates scale strongly with the peak burned gas temperature
and oxygen availability, and therefore increase with
increased fueling and higher in-cylinder temperature at
elevated loads (Gadhave et al. 2025). The higher NO
levels for biodiesel-based fuels at high BP suggest that
fuel-bound oxygen and enhanced oxidation intensity
sustained higher local oxygen concentrations in high-
temperature zones, thereby increasing the extent of
thermal NO formation when the residence time was
sufficient. The treatment-dependent spread suggests that
oxide nanoparticles modify the heat-release phase and
local temperature fields through combined catalytic
oxidation and altered spray microstructure, thereby
affecting the balance between peak temperature, oxygen
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availability, and residence time, which governs NO
kinetics. The anomalous excursions for ALOs +
Calophyllum and Al>:Os + Mahuva suggest sensitivity to
dispersion stability, local equivalence-ratio stratification,
or load-specific combustion phasing shifts that intensify
high-temperature regions at the corresponding operating
points (Vellaiyan, 2025b).

Fig. 12 illustrates a consistent decrease in smoke
with increasing brake power across all fuels, with the
steepest drop between BP =0 and 1.256 kW, followed by
a sustained downward trend toward BP = 5.024 kW. The
measured results indicated that diesel decreased from
30% at BP = 0 to 9% at BP = 5.024 kW, defining the
lowest smoke boundary at a high load. The uncoated
biodiesel baselines produced higher smoke than diesel
across the load range, declining from 34-38% at BP =0
to 16-20% at BP = 5.024 kW, with Mahuva retaining the
highest smoke envelope and Nerium occupying the upper
portion of the biodiesel band. Nanoparticle conditioning
reduced smoke relative to the corresponding uncoated
fuels at all loads, and the reductions became more evident
beyond BP = 2.512 kW, as the treated curves separated
downward from the baseline biodiesel traces. At BP =
1.256 kW, the treated fuels clustered near 20—27%, while
the uncoated fuels remained near 24—-32%; at BP = 5.024
kW, the treated set spanned 10-17%, with AlLOs +
Calophyllum reaching the lowest value near 8%. The
oxide-dependent ordering within each feedstock
consistently placed the Al2Os-conditioned blends toward
the lower smoke envelope, CeO:-conditioned blends in
an intermediate band, and TiO:-conditioned blends
toward the upper treated band. These trends suggest that
increased load increases in-cylinder temperature and
oxidation rates, promoting soot burnout during the
expansion stroke and reducing the surviving particulate
fraction (as measured by exhaust smoke (Lionus et al.
2023). The higher smoke levels for uncoated biodiesel
fuels indicate that spray and mixing constraints
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associated with viscosity and volatility sustained locally
rich diffusion flames and soot precursor formation at low
and moderate loads. The reductions produced by oxide
conditioning suggest intensified soot oxidation through
catalytic surface pathways and oxygen availability in the
soot-rich zones, with Al.Os-associated behavior aligning

with the strongest soot suppression tendency and TiO--
associated behavior aligning with a weaker suppression.
The persistent upper envelope for Mahuva across
treatments indicates that feedstock-specific mixture
preparation continued to govern soot formation even
under identical dosing and dispersion conditions.
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4. CONCLUSION

Additive-treated  and  oxide-nanoparticle-
conditioned biodiesels from Calophyllum, Nerium, and
Mahuva were compared with diesel on a constant-speed,
steady-state compression-ignition test bench using fixed
additive and oxide-nanoparticle dosing of 200 mg-L™!
additive and 200 mg-L™" Al>Os, CeO-, or TiO-. Across the
full brake-power range, a low-load BSFC peak and a
progressive decline with increasing load were recorded
for all fuels, whereas BTE increased with load for every
formulation. At BP = 3.768 kW, diesel delivered a BSFC
of 0.273 kg'kW-h! with a BTE of 30.98%, whereas
Al:Os-conditioned Calophyllum delivered a BSFC of
0.325 kg'kW'-h! with a BTE of 27.89%, confirming
persistent fuel-property influences under identical
operating control. The exhaust sensible enthalpy
increased with load and remained formulation-
dependent, with EGT at BP = 5.024 kW recorded as 265
°C for diesel, 245 °C for Al2Os-conditioned Calophyllum,
and 325 °C for TiOz2-conditioned Mahuva. Incomplete-
combustion markers were reduced by oxide conditioning
in a feedstock-specific manner: at BP = 5.024 kW, CO
was 0.12% for diesel and 0.22% for uncoated Mahuva,
while 0.10% was recorded for Al:Os-conditioned
Calophyllum; HC was 20 ppm for diesel and 31 ppm for
uncoated Mahuva, while 20 ppm was recorded for Al.O:-
conditioned Calophyllum. The smoke at BP =2.512 kW
was 16% for diesel and 25% for uncoated Calophyllum,
while 15% was recorded for Al:Os-conditioned

Calophyllum. NO formation increased with load and
retained sensitivity to oxide—feedstock pairing, with
uncoated biodiesels at BP = 2.512 kW recorded in the
370—449 ppm band and Al.Os-conditioned Mahuva at
628 ppm. These outcomes provide a controlled
formulation-level basis for selecting oxide conditioning
strategies and calibrating predictive combustion—
emission models for treated non-edible biodiesels. Future
work could focus on quantifying dispersion stability
during extended operation, tracking injector deposit
evolution, and measuring particle-number-resolved
particulate emissions under both steady and transient
duty cycles.
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