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Abstract. Animal-fat biodiesel is biodegradable, non-toxic, and offers advantages such as improved lubricity and higher cetane
number when blended with diesel, while its typical drawbacks such as high viscosity and poor cold-flow behaviour can be
mitigated through blending and moderate engine optimisation. In this study, a 20% animal-fat biodiesel blend (AFB20) was
produced from slaughterhouse waste using base-catalysed transesterification enhanced by a 20 kHz ultrasonic-horn, which
reduced reaction time from 3 hours (magnetic stirring) to 10 minutes. The ultrasonically synthesised AFB20 was tested in a
single-cylinder, four-stroke, variable-compression-ratio diesel engine at compression ratios from 16.5:1 to 19.5:1. Operation at
19.5:1 was most favourable, brake specific fuel consumption improved by 6.7% relative to 16.5:1, and brake thermal efficiency
increased to 35% due to enhanced atomisation. Peak cylinder pressure reached 72.76 bar and maximum heat release rate was
30.98 J/°CA, indicating shorter ignition delay. Unburnt hydrocarbons decreased by ~20%, and smoke opacity reduced
significantly because of better oxidation, while NOx increased moderately by about 9.5%. Overall, AFB20 operated at CR 19.5:1
demonstrated improved efficiency, lower fuel consumption, and cleaner combustion with only a moderate increase in NOx
emissions, highlighting its potential as a sustainable biodiesel blend for existing stationary and agricultural diesel engines without
requiring hardware modification.
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ultrasonic transesterification

1. INTRODUCTION

The rising demand and cost of diesel fuel have accelerated
research into alternative fuels, with biodiesel widely examined
as a sustainable Cl-engine substitute. Minor adjustments to
injection pressure, injection timing, and compression ratio (CR)

increased BTE and reduced BSFC, with B20 closest to diesel
performance [2]. Optimisation of AFB20 identified 200 bar and
19° bTDC as favourable for improved performance and
emissions [3]. Injection-timing variation (9°-18° bTDC) in a
CRDI engine achieved peak efficiency at 15° bTDC with

are commonly employed to enhance combustion efficiency and
reduce emissions.

A four-stroke single-cylinder CI engine evaluated at injection
timings of 23°, 20°, 17°, and 14° bTDC showed reduced NOX,
CO, and HC along with higher brake thermal efficiency (BTE),
COs., and smoke at 14° bTDC [1]. Studies on CR variation with
B20 palm biodiesel indicate that increasing CR elevates in-
cylinder pressure and BTE, with lower CO/HC/smoke but
higher NOx. Biodiesel generally exhibits lower smoke at
reduced loads, whereas higher HC emissions arise from spray
and viscosity effects.

Investigations on varying injection pressure (250—350 bar) with
rapeseed and soybean methyl esters observed reduced torque
and power but lower smoke and CO, with NOx rising at higher
pressures. Tests on karanja biodiesel blends in VCR engines
showed that higher CR and fuel-injection pressure (FIP)

reduced NOx and CO [4]. Multi-parameter optimisation of CR,
IP, and IT in a VCR engine improved BTE by 4.3% and reduced
NOx by 3.9% at full load, with 10% EGR optimal for AFB20
control [5]. Tests with watermelon biodiesel showed lower
BTE and higher BSFC but reductions in UBHC, CO, and NOx;
higher CRs improved combustion due to viscosity and volatility
effects [6]. Diesel-acetylene dual-fuel operation reported
higher BTE and lower CO, HC, and smoke at 200 bar FIP [7].
Across diverse biodiesels, elevated CR consistently enhances
combustion phasing, increases BTE, and reduces
CO/HC/smoke, though NOx typically rises at the highest CR.
Combining CR increases with injection-parameter
optimisation, additives, or EGR can compensate for biodiesel’s
lower calorific value and stabilise NOx formation.

However, systematic evaluation of ultrasonically synthesised
bovine-tallow AFB20 under four compression ratios (16.5:1,
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17.5:1, 18.5:1, and 19.5:1) is not available in the published
literature. Most previous VCR biodiesel studies used
conventionally stirred biodiesel from poultry or mixed animal
fats and reported limited CR optimisation. The present work
addresses this gap by: (i) producing ASTM-compliant bovine-
tallow biodiesel using 20 kHz ultrasonic transesterification
within 10 minutes; (ii) performing four-point CR optimisation
with detailed combustion, performance, and emission analysis
without engine hardware modification. To the best of the
authors’ knowledge, this is the first study combining 20 kHz
ultrasonic synthesis and systematic four-point CR optimisation
of bovine-tallow AFB20 in a Kirloskar VCR diesel engine.

2. EXPERIMENTAL METHODOLOGY

This study investigates the combustion, performance, and
emission characteristics of a diesel engine operating on a 20%
animal-fat biodiesel blend (AFB20). Bovine fat biodiesel
(AFB100) was produced via base-catalysed transesterification
following ASTM D6751-22 and splash-blended with BS-VI
diesel. Fuel properties, measured using ASTM/EN methods,
satisfied IS 15607:2022 B20 specifications. Experiments were
conducted on a single-cylinder, water-cooled VCR diesel
engine at 1500 + 10 rpm under varied compression ratios and
loads. The compression ratio range of 16.5:1 to 19.5:1, with
unit-step increments, was selected to include the standard
factory compression ratio of 17.5:1 and to cover the operating
range commonly used in VCR biodiesel studies on Kirloskar
engines [Al, A2, A3]. The upper limit of 19.5:1 was chosen to
obtain noticeable thermodynamic improvement while
remaining within the safe operating design limits of the engine.
Combustion, performance, and emission data were acquired
using full instrumentation, with results averaged over three
steady-state runs.

2.1 Preparation of the blend AFB20
Biodiesel was produced from bovine fat sourced from
slaughterhouses in Vaniyambadi, Tamil Nadu, using base-
catalysed transesterification compliant with ASTM D6751-22.
Raw tallow, initially semi-solid, was melted at 60-70 °C and
cooled to 45 °C before reaction. Transesterification followed
the standard alkali-catalysed methanolysis of triglycerides
Triglyceride + 3 CH;OH = 3 FAME (biodiesel) + Glycerol
(catalysed by KOH)
An 8:1 methanol-to-oil molar ratio and 1 wt% KOH were used.
Two methods were applied: (a) magnetic stirring at 50-55 °C
for 180 min, and (b) ultrasonic-horn transesterification (20 kHz,
750 W, 60% amplitude) at 55 °C, achieving complete
conversion in 10 min with significantly lower energy use. After
reaction, the mixture was settled for 8 h to separate biodiesel
and glycerol. The ester layer was washed with warm distilled
water and gravity-separated to obtain purified AFB100.

Fig. 1. Separation of reaction products into two distinct phases
following transesterification and 8-hour settling period.

The fuel properties of the produced biodiesel were analyzed
at Italab, Chennai, India, using standard ASTM and EN test
methods. Details of the testing instruments and calibration
standards used for each measurement are presented in Table
1. Comprehensive fuel property analysis (Table 1) confirmed
that AFB100 produced via ultrasonic assistance satisfies all
graded specifications of ASTM D6751-22 (including S15
sulfur grade and Group I metals) and exhibits properties
identical to marginally superior to those obtained by
conventional stirring.

TABLE 1. Fuel properties of AFB100 compared with ASTM D6751-22

limits
Property ASTM | Instrument / Ultrasonic hg*‘g“ﬂ“
S tirring
(ASTM/EN D6751 Calibration AFB100 AFB100
Method) Limit
PMCC tester;
Flash poi > IST- 1
ash point >93 NIST-traceable 138°C 136 °C
(D93) °C PMCC reference
fluid
Capill
Kinematic . apriaty
. . 1.9-6.0 viscometer;
viscosity at 40 . . 4.62 4.68
mm?/s ASTM viscosity
°C (D445)
standards (S3/S6)
. <0.50 Potentiometric
Acid number .
mg titrator; KHP 0.37 0.39
(D664) .
KOH/g | primary standard
F | . < GC-FID; ASTM
ree glycerin
o4 N glycerin standard 0.01% 0.01%
(D6584) 0.020% .
mix
Total ol . < GC-FID; ASTM
otal glycerin
&y - glycerin standard 0.18% 0.18%
(D6584) 0.240% .
mix
Oxidation Rancimat;
stability (EN >3h certified FAME 7.1h 7.0h
14112) reference
. Cloud-point
Cloud point . .
Report tester; certified 16 °C 16 °C
(D2500) .
reference fluid
Cold soak CSFT apparatus;
filterability <360s ASTM D7501 182s 179 s
(D7501) protocol
Water & Centrifuge;
. <0.050 . 0.02
sediment calibrated 0.02 vol% o
vol% vol%
(D2709) volumetric tubes
2
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<15 UV fluorescence
Sulfur (D5453) - analyzer; NIST 8 ppm 9 ppm
m
PP sulfur standards
1QT analyzer; n-
Cetane number
>47 hexadecane/HMN 62.4 61.9
(D6890)
standards
Ca+Mg .
. <5 ICP-OES; multi-
combined (EN 2.1 ppm 2.3 ppm
ppm element standards
14538)
ICP-OES;
Phosphorus <10 hosoh “ <1 opm
osphorus m
(D4951) ppm PROSPROTLS PP PP
standard solution
Est fent - GC-FID; C17:0
ster conten >
standard & 96.90% 96.20%
(EN 14103) 96.5% .
FAME mix

Because ultrasonic processing delivered identical fuel quality
with an 18-fold faster reaction and 82% lower energy use,
ultrasonic-derived AFB100 was selected for blending and all
engine tests. AFB20 was prepared by splash-blending 20%
(v/v) AFB100 with 80% BS-VI diesel and gently mixing for
10 min. The blend remained stable for 72 h and met all IS
15607:2022 B20 requirements.

TABLE 2. Physicochemical properties of diesel, animal fat biodiesel,
and the AFB20 blend

Property Unit Diesel AFB100 AFB20
(PD100) blend

Kinematic viscosity mm?/s 2.8 5.0 3.71

at 40 °C

Density at 15 °C kg/m? 833 882 848

Flash point °C 50 64 52

Fire point °C 54 70 55

Cetane index — 50 52 —

Calorific value kl/kg 42 500 39 400 41 600

The ultrasonic fuel achieved 96.9% ester content and satisfied
ASTM D6751-22 requirements, whereas the magnetically
stirred biodiesel achieved 96.2% and failed the specification.
The higher ester conversion indicates lower residual
glycerides and better combustion quality.

This study demonstrates, for the first time, the successful use
of a 20 kHz ultrasonic horn to transesterify bovine
slaughterhouse fat into ASTM-compliant B100 in just 10 min,
offering a fast, energy-efficient, and scalable approach
suitable for decentralised biodiesel production.

2.2 Fuel properties and preparation of biodiesel blends.
The key physicochemical properties of neat petroleum diesel
(PD100), pure animal fat biodiesel (AFB100), and the
prepared blend are presented in Table 2.

Biodiesel blends were prepared for engine testing, with
AFB20 obtained by mixing 80% (v/v) BS-VI diesel (<10 ppm
sulfur) with 20% (v/v) purified AFB100. The mixture was
stirred at 500 rpm for 5 min to ensure complete miscibility.
No phase separation occurred after 72 h at ambient conditions,
confirming blend stability. The final blend, designated
AFB20, met IS 15607:2022 B20 specifications and was used
directly in all experiments, remaining fully compatible with
BS-VI/Euro 6 diesel engines without hardware modification.

A 20% biodiesel blend (B20) was selected because it
offers an optimal balance between renewable fuel utilization
and engine performance. It provides sufficient oxygen for
cleaner and more efficient combustion while maintaining
stable engine operation. Unlike higher biodiesel blends, B20
avoids excessive viscosity and poor atomization, making it a
widely accepted blend for balancing environmental benefits,
fuel properties, and engine performance [8], [9].

2.2 Engine test rig

A single-cylinder, four-stroke, direct-injection, water-cooled
diesel engine (Kirloskar, India) was employed for all
performance, combustion, and emission trials. The engine is
widely used in agricultural and genset applications in India
and is representative of small stationary diesel power units.
Detailed specifications are listed in Table 3.
Although the engine is originally designed with a fixed
compression ratio of 17.5:1, the test rig is equipped with a
tilting-cylinder-block arrangement that permits variation of
clearance volume (Vc) by adjusting piston top position,
thereby enabling compression ratio (CR) changes from 12:1
to 20:1 without modifying the combustion chamber geometry.
The compression ratio is calculated as:

e=W+W)/V

Where 1 is the swept volume and V is the clearance
volume. Engine load was applied and controlled using an
eddy-current dynamometer coupled directly to the crankshaft.
The test rig is fully instrumented with piezoelectric pressure
transducer (Kistler), crank-angle encoder (resolution 1° CA),
thermocouple sensors (K-type), airflow meter, fuel flow
sensor, and a high-speed data acquisition system (National
Instruments). Exhaust emissions were measured using a five-
gas automotive exhaust analyser (AVL DiGas 444N).

TABLE 3. Technical specifications of the test engine

Parameter Specification

Make & model Kirloskar TV1, vertical, naturally
aspirated

Number of cylinders 1

Stroke Four-stroke

Bore x Stroke

87.5 mm x 110 mm

Rated power

5.2 kW at 1500 r/min

Compression ratio (standard) 17.5:1
Fuel injection timing 21° bTDC (fixed)
Fuel injection pressure 200 bar

Cooling system

Water-cooled

Dynamometer Eddy current, water-cooled
(Bengaluru make)
Loading type Electrical, 0-100% load in 25% steps

A schematic diagram and photograph of the experimental
setup are shown in Figure 2. Figure 2 (a) Schematic of the
experimental engine test facility (adapted from [3]); (b)
Photograph of the actual test rig with eddy-current
dynamometer and instrumentation. All tests were conducted
at a constant engine speed of 1500 + 10 r/min under steady-
state conditions. Fuel injection timing (21° bTDC) and
injection pressure (200 bar) were held constant at their
standard settings across all four compression ratios, so that CR
was the sole independent variable in this study. Each data
point reported represents the average of three repeated

3
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measurements taken after attaining thermal stability (cooling
water temperature 80 + 2 °C, lubricating oil temperature 90 +
2 °C).

Single
Cylinder 45
ClEngine

Eddy Current
Dynamometer

(Load Device)
 E— =
I Lngine Bed

FI-Fuel Injector, I-Intake Valve, E-Exhaust Valve, C-Coupling, WO-Water
Outlet, WI-Water Inlet (a)

(b)

Fig.2. a.) Schematic of experimental setup [3], (b) VCR engine test
rig

Short-duration steady-state testing was performed in this
study. Long-term durability and injector deposit formation at
peak pressure and temperature were not performed during this
study.

2.3 Uncertainty Analysis

Experimental uncertainty arises from instrument calibration
tolerances, measurement imprecision, and inter-run
variability. Uncertainty analysis was performed for all
performance (BTE, BSFC), emission (CO, NOx, UBHC,
smoke), and combustion (cylinder pressure, HRR) parameters
across all four tested compression ratios. Each test condition
was repeated three times under thermally stabilised operation
(cooling water 80 +2 °C; lubricating 0il 90 + 2 °C), and results
were averaged.

The true value of a measured quantity x is expressed as

x'=x+ U, (P%)

where x' is the true value, x the measured value, U the
measurement uncertainty, and P% the confidence level. The
combined uncertainty is obtained from bias error By

(manufacturer calibration tolerance) and precision error P

(repeatability):

Uy = 1’(37% +Px2)

TABLE 4. Description of instruments, measurement techniques, and
calibration accuracy.

Parameter Instrument Accuracy
(Measurement Range)

Load Load Cell — Strain Gauge + 0.1 kg (0-20 kg)

Engine Speed Sensor — Magnetic + 10 rpm (0-10,000 rpm)

Speed Pickup

Temperature | Temperature Indicator — K- | + 1 °C (0-1200 °C)
Type Thermocouple

CcO AVL DiGas 444N —-NDIR | 0.01 % vol (0-10 % vol)
Technique

CO: AVL DiGas 444N —NDIR | 0.1 % vol (0-20 % vol)
Technique

UBHC AVL DiGas 444N - FID 1 ppm / 10 ppm (0-20000
Technique ppm)

NOx AVL DiGas 444N — CLD +1 % FS (0-5000 ppm)
Technique

Smoke AVL 437 Smoke Meter — +0.10 % (0-100 %)
NDIR Technique

Cylinder Kistler Piezoelectric + 0.1 bar (0-250 bar)

Pressure Pressure Transducer

Crank Optical Incremental +1°CA (0-720° CA)

Angle Encoder

For derived parameters dependent on two or more
independent measured quantities (e.g., BTE from brake
power, fuel mass flow rate, and calorific value), uncertainty
was propagated using:

ux;\2  [uxy)\? ux,\?
(2 (2 o (2]
X1 X2 Xn
The overall uncertainty of the experimental system was
evaluated as

Uyy =

Ui + Udo + Ugo, + Ufpnc +
[Uoveran = £ U.s?moke + UL??GT + UL%TE +
Ubsrc + Ufigg + Uﬁc + Uj

Where, N is engine speed, CO, NO,, UBHC, smoke are
emission gases, EGT is emission gas temperature. Instrument
specifications, measurement techniques, and calibration
accuracies are listed in Table 4.

TABLE 5. Uncertainty values and accuracy levels for all engine
parameters range across compression ratios 16.5:1 to 19.5:1
(AFB20).

Parameter (Accuracy +) Uncertainty (%) (CR 16.5:1
to 19.5:1)
CO emission (+0.01 % vol) 0.10—0.14
NOx emission (£10 ppm) 0.15-0.28
UBHC emission (£10 ppm) 0.20-0.38
Exhaust Gas Temp. (£1 °C) 0.18-0.24
Smoke Meter — HSU (£0.1 %) 0.44-0.72
Brake Thermal Efficiency (-) 0.26 —0.36
BSFC (0.5 g/kWh) 0.30-0.48
Heat Release Rate (—) 0.36 —0.52
Pressure Transducer (+0.1 bar) 0.10 (all CRs)
Load Cell (50 g) 0.12-0.18
Engine Speed (£10 rpm) 0.15-0.18
Measuring Burette (£0.25 cc) 0.35-0.44
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Crank Angle Encoder (£1° CA)
Overall Uncertainty

0.03-0.04
1.48-1.78%

Computed uncertainty values for all parameters at each
compression ratio are presented in Table 5. Uncertainty varies
slightly across CRs because elevated compression alters in-
cylinder pressure, temperature, and combustion stability,
which in turn affects instrument signal quality and inter-run
scatter. All measured parameters are within the permissible
uncertainty limit of £5% across all tested compression ratios.

3. Results and Discussions

3.1 Brake Specific Fuel Consumption (BSFC)

Figure 3 presents the variation of brake specific fuel
consumption (BSFC) with brake power for the AFB20 blend
at four different compression ratios (CR 16.5:1, 17.5:1,
18.5:1, and 19.5:1). Compared with neat diesel (PD100),
AFB20 showed higher BSFC across all loads due to its lower
heating value. However, increasing the compression ratio
reduced this difference, indicating improved combustion
efficiency. For all tested compression ratios, BSFC decreased
progressively with increasing load, which is typical of diesel
engine behaviour due to the relatively constant frictional
losses and improved volumetric efficiency at higher loads

At full load the highest compression ratio (CR 19.5:1)
produced the lowest BSFC in the present study (0.258
kg-kW™'-h), representing a 6.7% reduction versus CR 16.5:1
(0.276 kg'kW-h) and a 2.3% reduction versus the standard
CR 17.5:1 (0.264 kg-kW'-h). The direction and magnitude of
this change are consistent with prior experimental work
showing that modest increases in CR (=17—18-19) reduce
specific fuel consumption by improving combustion phasing,
raising peak temperature/pressure and shortening ignition
delay [10], [11]. Quantitatively, a =6.25% improvement in
SFC for a B20 sea-mango biodiesel blend at CR 18:1 versus
CR 17:1 was reported [12], while another study with WCB20
exhibited a =5.9% BSFC advantage over petroleum diesel at
selected speeds and noted clear compression-ratio—dependent
behaviour in BSFC. These verified observations indicate that
the present-study reduction of 6.7% at CR 19.5:1 aligns with
reported experimental values for biodiesel B20 blends when
CR is increased by ~1-2 units.

475 | --- AFB20CR 16.5
e e AFB20 CR 17.5
o 425 \ N —— AFB20 CR 18.5
5 Q‘;\ & —-—AFB20CR 195
< 375 AN~ — —PD 100 CR 17.5
& 325
275 A
225 — — —
25 50 75 100
Load (%)

Fig. 3. Values of brake specific fuel consumption against load at
various compression ratios. Error bars represent texpanded
uncertainty (Table 5).

3.2 Brake Thermal Efficiency (BTE)

Figure 4 shows the variation of BTE with brake power for
AFB20 at compression ratios (CR) of 16.5:1-19.5:1.
Compared with neat diesel (PD100), AFB20 exhibited
slightly lower BTE at all loads. However, increasing the
compression ratio improved the thermal efficiency of AFB20,
and at the highest compression ratio its BTE approached that
of diesel, indicating more effective conversion of fuel energy
into useful work. BTE increased with load for all CRs,
consistent with diesel engine behaviour where frictional
losses become less significant and combustion efficiency
improves at higher loads (Heywood, 2018). Similar load-
dependent trends for animal-fat biodiesels were reported [13].
The highest BTE of 35% occurred at CR 19.5:1, exceeding
CR 17.5:1 and 16.5:1 by 0.89% and 0.95%, respectively,
while the lowest full-load BTE (~32%) appeared at CR 16.5:1.
Literature shows comparable improvements: increasing CR
from ~16:1 to 19:1 yields 2.1-3.4% higher BTE for animal-
fat B20 blends [14], with peak efficiencies of 34-35% at CR
~19:1 also reported for tallow and poultry-fat biodiesels
(Srinivasan et al., 2022).

At higher compression ratios, the increase in in-cylinder
pressure and temperature leads to greater heat transfer to the
cylinder walls, piston crown, and cylinder head, along with a
slight rise in piston ring and bearing friction losses. However,
within the investigated compression ratio range (16.5:1—
19.5:1), the benefits obtained from improved combustion are
greater than these additional losses. Higher CR improves
combustion phasing and enables faster and more complete
combustion closer to TDC, thereby reducing incomplete
combustion losses and improving the overall energy
conversion efficiency.

This behaviour is reflected in the increase in BTE from
approximately 32% to 35% and the lower exhaust gas
temperature observed at CR 19.5:1, which indicates that a
larger portion of the fuel energy is converted into useful work
rather than being lost through the exhaust. Hence, although
heat transfer and friction losses increase slightly at higher CR,
the overall indicated-to-brake efficiency conversion remains
favourable for AFB20 within the studied operating range.

359

S

= 30

= 1

aa) ]
25 9 =7
] .»4{ -~ ——AFB20 CR 18.5
20 4~ — - —AFB20 CR 19.5
] — —PD 100 CR 17.5
25 50 75 100

Load (%)

Fig. 4. Values of brake thermal efficiency against load at various
compression ratios. Error bars represent texpanded uncertainty
(Table 5).

3.3 Cylinder Pressure (CP)

Figure 5 shows the full-load in-cylinder pressure (CP) traces
of AFB20 for compression ratios (CR) from 16.5:1 to 19.5:1.
Compared with neat diesel (PD100), AFB20 exhibited

5
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slightly lower peak cylinder pressure at the standard
compression ratio. However, increasing the compression ratio
progressively increased the peak pressure of AFB20, and at
the highest compression ratio it exceeded that of diesel,
indicating enhanced combustion intensity and improved
energy release near TDC. Peak CP rises steadily with CR,
increasing from 67.74 bar at CR 16.5:1 to 72.76 bar at CR
19.5:1 (~7.4% increase). This trend results from higher end-
of-compression temperature and pressure, which intensify
premixed combustion and shift more heat release near TDC.
Similar CR-driven increases in CP and heat-release rates for
biodiesel blends were reported by [10].

The behaviour aligns with Dbiodiesel combustion
characteristics: oxygenated fuels such as animal-fat methyl
esters promote stronger premixed burn and steeper pressure-
rise profiles [15] and exhibit shorter ignition delay due to
higher saturation levels [11]. VCR-engine studies also
confirm that B20 blends show higher CP at elevated CR
because of improved air—fuel mixing and faster ignition
phasing [12], [16]. The progressive CP increase from CR
16.5:1 to 19.5:1 is consistent with established biodiesel
combustion mechanisms and supports CR optimisation for
enhanced combustion efficiency with animal-fat biodiesel.

3.3.1 Implications for Mechanical Loads at Elevated CR

The higher peak cylinder pressure observed at elevated
compression ratios increases the mechanical loading on
engine components such as the piston, connecting rod, and
bearings. At CR 19.5:1, the 7.4% rise in peak pressure
improves combustion performance but may also increase
cyclic stresses and thermal loading during prolonged
operation. However, animal-fat biodiesel blends generally
provide better lubricity than diesel, which can help reduce
component wear [17]. Previous VCR engine studies have also
shown that such pressure increases remain within the normal
structural limits of conventional diesel engines under stable
combustion conditions [18]. Therefore, AFB20 operation at
CR 19.5:1 appears mechanically feasible, though long-term
durability evaluation is recommended.

80 5
70 4

=== AFB20 CR 16.5 =

60 Fp— AFB20 CR 17.5
50 3 —— AFB20CR 18.5

] —- —AFB20CR 19.5
40 4

I ——PDI00OCR 175 A

Cylinder pressure (bar)

0 25 50
Crank angle (0)
Fig. 5. Cylinder pressure with crank angle at various compression

ratios. Measurement uncertainty for cylinder pressure was +0.1%
(Table 5)

3.4 Heat Release Rate (HRR)

Figure 6 shows that the heat release rate (HRR) of AFB20
increases markedly with compression ratio (CR). Compared
with neat diesel (PD100), AFB20 exhibited a lower peak heat
release rate at the standard compression ratio. However,
increasing the compression ratio progressively increased the

HRR and advanced its occurrence, and at the highest
compression ratio the peak HRR approached that of diesel,
indicating enhanced premixed combustion and improved
combustion phasing. Peak HRR rises from 25.65 J/°CA at CR
16.5:1 to 30.98 J/°CA at CR 19.5:1—a 20.8% increase—and
the HRR peak shifts earlier, indicating stronger and better-
phased premixed combustion. Higher CR elevates end-of-
compression temperature and pressure, shortening ignition
delay and causing more accumulated fuel to burn rapidly,
producing a sharper premixed HRR peak [19].

AFB20’s saturated FAME content and high cetane number
further intensify this effect, supporting faster low-temperature
oxidation [15]. Mid-range CRs (17.5:1 and 18.5:1) show
similar HRR wvalues, a plateau commonly observed in
biodiesel VCR studies [11], [12]. Only at CR 19.5:1 does
HRR rise sharply again as premixed-fuel accumulation
reaches a threshold.

The observed HRR increase aligns with previous findings for
waste-oil and sea-mango biodiesels, where higher CR
consistently enhances premixed burn intensity [10], [12], [20].
Overall, elevating CR to 19.5:1 significantly strengthens
premixed combustion and improves the thermodynamic

efficiency potential of saturated animal-fat biodiesel blends.
40.00

S a0 -
35.00 4 f\ AFB20 CR 16.5
30.00 Jy AFB20 CR 17.5
o ] r — ‘R0
25.00 1 AN AN AFB20 CR 18.5
AN \ —-—AFB20 CR 19.5

20.00 A
15.00
10.00 A

5.00
0.00 4=
-5.00 B
-10.00

— =PDI100CR17.5

HRR (J/deg)

-50 -25 0 25 50
Crank angle (0)
Fig. 6. Heat release rate versus crank angle at various compression

ratios. Measurement uncertainty for HRR was within +0.36-0.52%
(Table 5).

3.5 Exhaust Gas Temperature (EGT)

Compared with neat diesel (PD100), AFB20 exhibited higher
EGT across all loads, owing to its different combustion
characteristics and lower heating value. However, increasing
the compression ratio progressively reduced the EGT of
AFB20, indicating more effective heat utilization and
improved combustion efficiency. Figure 7 shows that exhaust
gas temperature (EGT) increases with load for all
compression ratios (CR), but decreases slightly as CR
increases. The highest EGT occurs at CR 16.5:1, while CR
19.5:1 shows the lowest values, giving an average reduction
of about 0.85% across loads. Higher CR lowers EGT because
improved end-of-compression temperature and pressure
shorten ignition delay, increase premixed combustion, and
shift more heat into useful work rather than exhaust losses
[19].

This behaviour is consistent with biodiesel VCR studies,
which report that higher CR improves combustion phasing
and thermal efficiency, thereby reducing exhaust energy even
as peak pressure and HRR rise [10], [12]. Reactivity and
oxygen content of biodiesel also influence EGT trends, with

6

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



higher-cetane, oxygenated fuels showing greater heat-to-work
conversion and lower exhaust temperatures at elevated CR
[11]. This small but consistent EGT decrease at CR 19.5:1
agrees with verified findings that compression-ratio
optimization reduces exhaust losses and enhances combustion
efficiency in biodiesel-fuelled CI engines [10].
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Fig. 7. Exhaust gas temperature vs load at various compression

ratios. Error bars represent +expanded uncertainty (Table 5).

3.6 Carbon monoxide (CO) Emission

Compared with neat diesel (PD100), AFB20 produced higher
CO emissions at full load. However, increasing the
compression ratio reduced CO emissions, indicating more
complete combustion. Figure 8 shows that CO emissions for
AFB20 remain low and largely independent of compression
ratio (CR) up to 75% load, but rise sharply at full load. The
highest CO (0.18% vol.) occurs at CR 16.5:1, while the lowest
(0.12% vol.) is at CR 18.5:1, a 33% reduction. The full-load
CO increase results from fuel-rich pockets and limited oxygen
availability, compounded by the higher viscosity and poorer
spray atomization of animal-fat methyl esters [15].

Raising CR reduces CO because higher in-cylinder
temperatures and pressures improve CO—CO: oxidation,
shorten ignition delay, and enhance mixture preparation [19].
This behaviour matches results from VCR studies showing
lower CO at higher CR for biodiesel blends due to improved
combustion phasing and reduced unburned carbon [10], [11].
Recent B20 investigations also report CO minimization near
CR = 18.5:1 without excessive mechanical loading [12], [21].
Moderate CR elevation especially to ~18.5:1 significantly
improves CO oxidation for AFB20 at full load, consistent with

established biodiesel combustion literature.
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Fig. 8. CO emission versus load for the AFB20 blend at different

compression ratios. Error bars represent texpanded uncertainty
(Table 5).

3.7 Unburned Hydrocarbon (UBHC) Emissions

Compared with neat diesel (PD100), AFB20 produced lower
UBHC emissions across the load range. Furthermore,
increasing the compression ratio reduced UBHC emissions,

indicating more complete oxidation of unburned fuel. Figure
9 shows the variation of unburned hydrocarbon (UBHC)
emissions with brake power for the AFB20 blend at different
compression ratios. UBHC increased with load for all CRs
due to higher fuel delivery and locally richer mixtures at
elevated power. A clear decreasing trend in UBHC with rising
compression ratio was observed in the present data: the
highest UBHC occurred at CR 16.5:1 while the lowest
occurred at CR 19.5:1, with CR 19.5:1 exhibiting 13.5% lower
UBHC than CR 16.5:1 at full load and CR 17.5:1 and CR
18.5:1 showing intermediate reductions of 9.6% and 9.8%,
respectively. The reduction in UBHC at higher compression
ratios is attributable to elevated in-cylinder temperatures and
pressures that enhance post-flame oxidation of hydrocarbons
trapped in crevices, quench layers and oil films, while reduced
clearance volume and stronger turbulence improve air—fuel
mixing and oxidation completeness [19]. The oxygenated
character and relatively high cetane tendency of many animal-
fat methyl esters further promote earlier ignition and more
complete oxidation, which helps suppress UBHC under high-
CR conditions.

The reduction in UBHC emissions at higher compression
ratios is mainly due to improved post-flame oxidation of
hydrocarbons trapped in crevice regions, reduced wall-quench
effects, and oxygen-assisted combustion from the FAME
component of AFB20. At CR 19.5:1, the higher in-cylinder
temperature promotes more complete oxidation of crevice-
trapped hydrocarbons and reduces quench-layer thickness
near the cylinder wall[22]. In addition, the oxygenated nature
of AFB20 enhances oxidation of partially burned fuel. As a
result, UBHC emissions decreased by 13.5% at CR 19.5:1
compared to CR 16.5:1, consistent with established HC
formation mechanisms in CI engines [19].
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Fig.9. Variation of unburnt hydrocarbon with load for the AFB20

blend at different compression ratios. Error bars represent texpanded
uncertainty (Table 5).
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3.8 Oxides of Nitrogen (NOx) Emission
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Fig. 10. Variation of NOx emissions with brake power for the AFB20

blend at different compression ratios. Error bars represent texpanded
uncertainty (Table 5).

The variation of NOx emissions with brake power for the
AFB20 blend across different compression ratios is presented
in Figure 10. Compared with neat diesel (PD100), AFB20
exhibited lower NOx emissions across the entire load range.
However, increasing the compression ratio slightly increased
NOx emissions, owing to the higher in-cylinder temperatures
associated with improved combustion. NOx increases with
both engine load and compression ratio, with the highest NOx
at CR 19.5:1 and the lowest at CR 16.5:1, and CR 19.5:1
showing 9.5% higher NOx than CR 16.5:1 at full load. NOx
formation in compression-ignition engines is governed
primarily by thermal (Zeldovich) routes that are exponentially
sensitive to peak combustion temperature, oxygen availability
and high-temperature residence time; higher CR elevates end-
of-compression temperatures and pressures, shortens ignition
delay and advances combustion phasing, all of which tend to
raise NOx production [19]. CR 19.5:1 in the present study
yields performance and combustion benefits, the observed
~9.5% NOx increase relative to CR 16.5:1 is consistent with
verified literature and suggests that practical implementation
should consider mitigation strategies such as moderate EGR,
injection timing retardation to balance thermal efficiency
gains against NOx formation [11], [19].

3.9 NOx Mitigation Strategies for AFB20 at High CR
Although CR 19.5:1 produced the best overall combustion
and performance characteristics for AFB20, it also resulted
in approximately 9.5% higher NOx emissions compared to
CR 16.5:1. This increase can be effectively controlled using
suitable NOx reduction techniques reported in earlier studies
on animal-fat biodiesel blends [23], [24], [25], [26]. One of
the commonly adopted methods is exhaust gas recirculation
(EGR), where a small portion of exhaust gases is recirculated
back into the intake air. The use of moderate EGR rates
(about 5-10%) helps reduce peak combustion temperature
and oxygen concentration inside the cylinder, thereby
suppressing thermal NOx formation without significantly
affecting engine efficiency [23], [24]. Another effective
approach is slight retardation of injection timing to around
18-19° bTDC, which delays the combustion process and
lowers the duration of high-temperature heat release
responsible for NOx formation [25]. In addition, the use of
antioxidant additives has been found to reduce combustion
intensity and improve fuel oxidation stability, leading to

further reduction in NOx emissions [26]. Therefore, the
higher NOx emissions associated with CR 19.5:1 can be
minimized through these practical mitigation strategies while
still retaining the advantages of improved thermal efficiency
and cleaner combustion obtained with the AFB20 blend.

3.10 Mechanistic Attribution: Thermal vs. Prompt NOx for
AFB20 at High CR

NOx formation in CI engines mainly occurs through thermal
and prompt mechanisms, with thermal NOx being the
dominant pathway during diesel combustion. At CR 19.5:1,
the higher in-cylinder temperature and advanced combustion
phasing increase the peak combustion temperature and the
duration of high-temperature gases, resulting in the observed
9.5% increase in NOy emissions [19].

The contribution of prompt NOy is comparatively smaller in
the case of AFB20. The higher compression ratio shortens
ignition delay and reduces the premixed combustion phase
where prompt NOy is mainly formed. Moreover, bovine-
tallow biodiesel contains predominantly saturated FAME
compounds with low polyunsaturation, which limits CH-
radical formation associated with the Fenimore mechanism
[27]. Hence, the NOy increase observed at higher CR is mainly
thermal in nature.

3.11Smoke

Compared with neat diesel (PD100), AFB20 exhibited higher
smoke opacity across the load range. However, increasing the
compression ratio reduced smoke emissions, indicating
improved fuel oxidation and reduced soot formation. The
variation of smoke opacity with brake power for the AFB20
blend at different compression ratios is shown in Figure 11.
Smoke emissions increased steadily with load for all CRs
because of higher fuel delivery and the formation of richer
local mixtures at elevated power output. However, a
decreasing trend was observed with increasing compression
ratio, with smoke levels progressively reducing from CR
16.5:1 to CR 19.5:1 across the full load range. At full load,
CR 19.5:1 produced 22.5% lower smoke opacity than CR
16.5:1 and 5.1% lower opacity than CR 17.5:1, demonstrating
a strong inverse relationship between smoke formation and
compression ratio.

The reduced smoke at higher CR is primarily governed by
increased in-cylinder temperature and pressure, which
improve atomization, promote faster fuel vaporization, and
enhance premixed-phase combustion, thereby reducing soot
precursor formation and accelerating soot oxidation during
diffusion combustion [19]. Biodiesel’s inherent oxygen
content further supports oxidation of nascent soot particles,
particularly under the elevated thermodynamic conditions
produced at higher compression ratios [10].
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Results demonstrate that CR 19.5:1 is highly effective in
reducing smoke emissions from saturated animal-fat B20
blends by leveraging improved thermodynamic conditions
and the oxygenated chemistry of biodiesel.

4. Conclusions

Experiments conducted on a single-cylinder VCR diesel
engine fuelled with ultrasonically produced AFB20 showed
that compression ratio strongly influences the combustion,
performance, and emission characteristics of saturated
biodiesel blends. Among the tested conditions, CR 19.5:1
delivered the best overall results, including a 6.7% reduction
in BSFC, peak BTE of 35.0%, maximum cylinder pressure of
72.76 bar, and the highest heat release rate due to shorter
ignition delay and improved premixed combustion. Exhaust
gas temperature was also lowest at this CR, indicating
improved thermal efficiency. CO, UBHC, and smoke
emissions decreased significantly at higher CR, with UBHC
and smoke opacity reducing by nearly 20% and 22.5%,
respectively, compared to CR 16.5:1. Although NOx
emissions increased moderately (=9.5%) at CR 19.5:1, the
blend still demonstrated a favourable balance between
efficiency improvement and emission reduction.

The study also demonstrates the effectiveness of 20 kHz
ultrasonic transesterification for producing ASTM-compliant
bovine-tallow biodiesel within only 10 minutes, offering a
faster and more energy-efficient alternative to conventional
stirring methods. In addition, the present work provides a
systematic four-point compression-ratio optimisation of
ultrasonically derived AFB20 with detailed combustion,
performance, and emission analysis. Overall, the results
establish CR 19.5:1 as the optimal operating condition for
bovine-tallow AFB20 in a Kirloskar VCR diesel engine
without requiring engine hardware modification, highlighting
the practical potential of ultrasonically derived animal-fat
biodiesel as a sustainable drop-in fuel for existing stationary
and agricultural diesel-engine applications.
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