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performance, combustion, and exhaust emissions

Ayhan UYAROGLU?", ismet CELIKTEN®

8Cihanbeyli ~ Vocational High  School, Selguk  University, Konya, Turkey,

avhan.uyaroglu@selcuk.edu.tr Orcid:https://orcid.org/0000-0001-7914-9665 (b
o
PEmeritus Professor (retired), Faculty of Technology, Gazi University, Ank&qk urkey,

ismetcelikten@hotmail.com (b

*Corresponding author: ayhan.uyaroglu@selcuk.edu.tr (Ayhan Uyar

Tel.: +905054250235 @

Abstract

Crambe tataria and Crambe orientalis are non- wltl@?ant species in Turkiye that can
survive under harsh natural conditions. D t@elr erucic acid content, their oils are not
considered edible. Biodiesel derived fr m%edible oils offers a significant renewable fuel
surrogate for internal combustiq@ne pplications, providing favorable environmental and
economic outcomes. The ai the current experimental study is to explore and measure the
effects of petroleum&@diesel fuel and fuel mixtures of Crambe tataria and Crambe
orientalis oil meth rs on the performance and emission characteristics of a single-cylinder,
four-stroke, @ ly aspirated, direct injection compression ignition (CI) engine. The arranged
testfuel les consisted of six different mixtures by volume: COB20, COB40, COB60, and
CTlngTBm, CTB60. The standard diesel fuel was denoted as DO. Tests on the engine were
carried out at load levels of 15 N, 30 N, 45 N, and 60 N, with the engine speed stabilized at
2200 rpm. Pursuant to the experimental results, the brake specific fuel consumption (BSFC),

NOx emission values, and combustion duration of the biodiesel mixture fuels were come by

greater. HC, CO, and soot emissions, heat dissipation rates, in-cylinder temperature, cumulative


mailto:%20ayhan.uyaroglu@selcuk.edu.tr
mailto:%20ayhan.uyaroglu@selcuk.edu.tr
https://orcid.org/0000-0001-7914-9665
mailto:ismetcelikten@hotmail.com

heat release rate, indicated mean effective pressure (IMEP), and rate of pressure rise (R1) values
were detected in lesser match against to diesel fuel. As a result, the findings indicate that
biodiesels from Crambe tataria and Crambe orientalis have the capability to replace petroleum-
based diesel fuel in CI engine applications.
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1- Introduction .xo
Internal combustion engines are machines that convert fuel energy into w%al energy,
thereby facilitating various aspects of human life. Internal combustion ’&es remain prevalent
in the transportation industry, [1] with diesel engines being exte(@aly utilized owing to their

superior power output, thermal efficiency, and fuel con ion characteristics [2]. In this

regard, compression-ignition (CI) engines are Iikd&r ain in use for an extended period in

heavy-duty vehicles operating across road %@a

logistics [3]. Fossil fuels continue to play

ion, public transit systems, and maritime
entral role in global energy production, with
widespread utilization in sector% asjtransportation [4]. Nevertheless, the imperative for
low-emission and high-eﬁ@:y propulsion technologies has accelerated the pursuit of
sustainable alternativ%@iodiesel, a renewable biofuel derived from biological feedstocks,
is increasingly r ized as a promising substitute for petroleum-based diesel [6]. Its
environmen@ antages include the reduction of lifecycle greenhouse gas emissions,
mini iz& of ecological degradation, and potential to contribute to energy security amidst
thehg global energy crisis [7]. Thenceforth the discovery of internal combustion engines,
efforts have continued to explore the use of various fuels to operate these engines. In the search
for alternative fuels, fluctuations have occurred over time due to both the desire to reduce

dependence on petroleum and growing environmental concerns. During periods of oil crises,

research on alternative fuels intensified; however, interest declined once the crises were



overcome. In recent years, environmental factors have come to the forefront, leading to a
renewed increase in such research efforts. Biodiesel's history as a diesel engine alternative
stretches back to 1900, when its inventor, Rudolf Diesel, powered his engine with peanut oil

during the Paris Exposition [8].

The increased demand for edible oils in biodiesel production has resulted in price@es,
elevating the cost of biodiesel and edible oils to 1.5-2 times that of diesel fuel..x odiesel
production costs, the largest share approximately 75-80% is attributed to st of the olil.
Therefore, non-edible oils are gaining traction as attractive and % le feedstocks for
biodiesel manufacturing [9]. Non-edible feedstocks represent a %inable option for biofuel
generation, as they are predominantly grown on waste inal lands, deliver yields that
rival or exceed edible feedstocks, and are remarkabl)@t-efficient [10]. Biodiesel production
from non-renewable biological sources n or@reduces dependency on imports but also
contributes to rural development. Through bietransesterification, biodiesel produced from such
feedstocks offers a more effectiv ‘ti%

for the "Blending Program™ in developing countries,

where the primary sector (aghiculture) makes a significant help to Gross Domestic Product

(GDP) [11]. &@

Crambe tata@@d Crambe orientalis, belonging to the Brassicaceae family, are perennial

oilsged plants that grow naturally in Tirkiye and are not cultivated. Due to their erucic acid
co:hey are classified as non-edible. Among the Crambe L. species, of which three species
and five taxa are naturally procured in Tlrkiye, Crambe tataria Sebeok grows in Central
Anatolia, and one of its taxa is endemic to southern Tirkiye. Crambe orientalis L. is widely
distributed across Central Anatolia, Eastern Anatolia, and Southeastern Anatolia. The plant

height of Crambe orientalis ranges from 71 to 120 cm, while that of Crambe tataria ranges from



73 to 116 cm. The number of branches for Crambe tataria and Crambe orientalis has been
determined to range through 2 to 15 and 1 to 10, in turn. The pod lengths of Crambe orientalis
and Crambe tataria range through 2.9 to 5.22 mm and 2.81 to 4.21 mm, respectively, while the
pod weight and thousand seed weight of Crambe orientalis range from 10.0 to 29.0 g and 7.0
to 14.60 g, in turn. For Crambe tataria, these values range through9.0 to 18.0 g for pod weight
and from 7.10 to 11.0 g for thousand seed weight. The dehulled oil content of Crambef@lia
and Crambe orientalis seeds is 25% and 26%, respectively [12]. Erucic acid (C22:.1N; , erucic
acid) is a very long-chain monounsaturated fatty acid that serves as an signifi AQIeochemical
product due to its hydrophobicity and water resistance. It is extensivé@racross metallurgy,
machinery, rubber, chemical industries, and many other fieIdsKﬁ@ue classification of erucic

acid as a toxic substance stems from its involvement @Hc Oil Syndrome and research

suggesting cardiotoxicity in rats [14]. ° @
During engine experiments with BO, B5, , B50, and B100 fuels across four injection
pressures (18, 20, 22, and 24 nd jndicated mean effective pressures values (12.5, 25,

37.5, and 50 kPa), biodiese@ found to raise BSFC, carbon dioxide, nitrogen oxides, and
oxygen emissions, v%@wering smoke opacity, unburned hydrocarbons, and carbon
monoxide emissi has been reported that heightened injection pressure decreases brake
specific fuel@w@mption (BSFC), smoke opacity, CO, and UHC emissions, while boosting
COEOZ7 NOx emissions for high-percentage biodiesel-diesel mixtures such as B20, B50,

and B4100 [15].

Soybean oil biodiesel exhibited a BSFC that was 14.65% higher and smoke opacity up to
48.23% lower check against to diesel fuel. Additionally, CO emissions diminished by 11.36%

with B20 and by 41.7% with B100, relative to diesel fuel. Entire soybean methyl ester (SME)



mixtures demonstrated a marked reduction in unburned hydrocarbon (UHC) emissions across
the entire load range relative to diesel fuel. All SME mixtures exhibited elevated concentrations

of NOx pollutants during testing [16].

Aksoy et al. (2017) explored the performance of B30 fuel at 2200 rpm under five varying engine
loads, evaluating aspects like in-cylinder pressure, heat release rate, cyclic alterﬁbns,
combustion duration, and emissions including CO, CO2, NO,, and soot. They .r@ d that,
compared to diesel, B30 paved the way increased in-cylinder pressure aWQelease rate
under all engine loads due to improved oxidation reactions. At& m, CO and soot
emissions were lessened by approximately 57.9% and 25.5% é@nctively, check against to
diesel. Additionally, B30 yielded higher indicated mean @e pressure (IMEP) and a shorter
combustion duration [17]. .NQ

Uyumaz (2018) tested mustard oil biodiesel-éi€sel fuel blends (M10, M20, M30) and standard
diesel fuel (D100) at a peak bra ‘%speed of 2200 rpm, under four varying engine loads
and full load conditions. Ateak load, it was determined that, compared to D100, thermal
efficiency diminished %%with M10, while BSFC raised by 4.8%. Confront with the diesel,
the utilise of must | biodiesel-diesel fuel mixtures resulted in significant downfalls in CO
and smoke @ ons, while an increment in NOx emissions was observed with mustard oil

bioﬁgsel | blends. Additionally, it was denoted that there was no notable difference in

cylingler pressure among mustard oil biodiesel-diesel fuel mixtures and diesel fuel [18].

Aksoy and Yilmaz (2019) operated the test engine at 2200 rpm, the speed of maximum torque,
under four different engine loads. They investigated variations in cylinder pressure, heat

release, combustion duration, ignition delay, indicated thermal efficiency, and specific fuel



consumption. Using fish oil biodiesel, they beheld an increment in cylinder pressure and heat
release, along with a shortened combustion duration. However based upon the lesser calorific
value of fish oil, a cutback in indicated mean effective pressure and indicated thermal efficiency
was reported when using biodiesel. They reported that specific fuel consumption upsurged by
approximately 32% with the B10 fuel blend [19].
v
In their study, Onukwuli et al. (2021) concluded that the combustion emissio.%cts of
Dyacrodes edulis biodiesel blends, except for NOx, were reduced confr ith the petro-
diesel. They found that brake thermal efficiency (BTE), BSFC, braﬁ%&r effective pressure
(BMEP), volumetric efficiency, and exhaust temperature saisébvith brake power, while
specific energies diminished with increasing load [20]. &x
o
Reksowardojo et al. (2023) stated that the C@, }CC_)and particulate emissions of the B30, B50,
and B100 fuels used in the experiment wee€ lesser than those of diesel fuel, while NOx
emissions were heightened. Wiw‘%centage biodiesel, they observed that the maximum
power output decreased by up4@ 10% with B100. According to the modified carbon equilibrium
formula for high-perc%@iodiesel fuels, the fuel economy of B30, B50, and B100 biodiesels
was procured to b 7%, and 11% smaller than that of diesel fuel, in turn [21].
O
Khalaf etwal. (2024), in their study conducted with B20, B40, and B60 Jatropha and castor
biohunder varying engine loads from no load to full load, reported that Jatropha biodiesel
performed excelled performance and lesser emissions check against to castor biodiesel. They
also found that the B20 blend delivered the superior performance and diminished emissions at
all engine loads. They stated that, compared to conventional diesel, biodiesel sparked off lesser

brake thermal efficiency (BTE), carbon monoxide (CO), carbon dioxide (CO2), hydrocarbon



(HC), and smoke emissions, but led to elevated exhaust gas temperature (EGT), brake specific

fuel consumption (BSFC), and nitrogen oxide (NOx) emissions [22].

There were no reports on C. orientalis and C. tataria biodiesel combustion, performance and
emissions. This study aims to assess the performance, combustion, and emission characteristics
of biodiesel fuels (COB20, COB40, COB60 and CTB20, CTB40, CTB60), derived from
Crambe tataria and Crambe orientalis—non-edible oil plants that are not cultlvated ICT%W

2. Material and methods ’\5'

2.1 The engine test setup and specifications

and contain erucic acid—as alternative fuels in a diesel engine.

In the test setup consisting of a single-cylinder diesel en@mometer emission analyser,
smoke meter, precision balance, data acquisitio® a@hermocouples, and a computer, the
emission, performance, and combustion ch Qﬁﬂics of biodiesel fuels blended with standard
diesel fuel at 20%, 40%, and 60% ratios were¥ vestlgated at a stable engine speed of 2200 rpm
under engine loads of 15 N, 30 %d 60 N. Additionally, a pressure sensor was used to
measure in-cylinder pressure@ an encoder with a resolution of 0.36° crank angle (°CA) was
exploited to measure t @ne crank angle. In the engine tests, a Cussons P8160 model single-

cylinder regenerati C electric dynamometer was used. A schematic portrayal of the test set-

up operated for the trials is presented in Figure 1.
E Figure 1

Table 1 presents the technical characteristics of the single-cylinder Antor diesel engine

occupied in the experiments.



Table 1

For the measurement of THC, CO, CO., and NOx emissions, an EGAS-2M exhaust gas
analyser manufactured by Environment SA was used, while soot emissions were measured

using the AVL DiSmoke 4000 device. Table 2 screens the properties of these devices.

U

S
@Q

The specifications of the AVL 8QP500c quartz pressure sensor used@asuring in-cylinder

Table 2

pressure numbers are served in Table 3. o @

'Q

Tabled

The specifications of the exhaust gas an nd measurement devices are presented in Table
4. The parameters PUco, PTH ‘é PUsoot, PUEncoder, PUpressurebalance, @Nd PUpressuresensor
represent the percentage unc@ty (PU) values associated with the measurements of CO, HC,
NOX, soot, precision&@e, and pressure sensors, respectively. These PU values were
calculated using E , While the total uncertainty (TU) was determined based on Eq. (2) [23].

The overall ue was computed to be 0.55%.

O

PU ;E(Sensitivity or Accuracy) % 100 (1)

Operating range

)

TU (%) — (PU(JO)2 + (PUTHC)2 + (PUNOx)2 + (PUSoot)2 + (PUEncoder)2
+(PUPressuresensor)2 + (PUPrecisionbalance)2



Table 4

2.2 Combustion analysis measurement system and calculation method

In-cylinder pressure signals, captured over 50 engine cycles with a resolution of 2000 signals
per cycle using the in-cylinder pressure sensor, were converted into pressure data via a data
acquisition card and transferred to a computer. To enhance the accuracy and reliabiabﬂe

o
test results, the average of 50 cycles was taken into account, and the evaluation wa& ormed

based on a single representative cycle. (DJ

Using the pressure data gathered as a function of crank angﬂ@or the fuels used in the
experiments, variables such as in-cylinder gas temper ombustlon heat release rate,
indicated mean effective pressure (IMEP), maxmnun@ sure rise rate (MPRR), combustion
phases, combustion duration, rate of pressuge.ri ) and cyclic variations were reckoned in
the MATLAB/Simulink environment. %

3
Eqg. (3), used to calculate the-hgat release rate as a function of crank angle, was derived from

the First Law of Therr%@amics [24-25]. In Eq. (3), where heat transfer and gas leakage are
neg|6Cted,‘9$ymﬁ the crank angle, Q depicts the heat release rate, P represents the in-
cylinder pf)@ﬁe v represents the cylinder volume, and krepresents the isentropic index.

dQ 7 k pav

_+kivd_P+%

do dé (3)

do k-1 d

Eq. (4) was used to calculate the indicated mean effective pressure (IMEP) [26-27].



Imep = Woet
stroke (4)

The cyclic differences of IMEP were calculated using Eq. (5) [23, 27-28].

COVimep = "i;ep x 100 O@
o
N

Ringing intensity was determined using Eq. (6) [27-28]. (b,

2.3 Test Fuels %

The Crambe tataria seeds used in the&%y were collected from the provinces of Karaman and

RI=—~ ~—/m/ [RT
27 I:)max @Q (6)

Konya, while the Crambe ori n&eds were gathered from the natural flora of Nigde. The
oil from the collected s@&g extracted using a screw press at an oil processing facility
located in the provi )S?Konya. The properties of Crambe tataria and Crambe orientalis oils
are presente 'r@bl 5. Due to their erucic acid content approximately 37.11% in Crambe
tataria ar@d. 2% in Crambe orientalis both are classified as non-edible oils. The production
of b%%el was achieved using a two-stage transesterification technique due to the oils being
unrefined (crude) and the gelation issues encountered during preliminary trials. In the first stage
of biodiesel generation through crambe oil, the crude oil was heated at 110 °C for 20 minutes
to eliminate moisture and impurities. After reaching room temperature, 100 g of oil was taken

and subjected to an esterification reaction with 1 g of sulphuric acid and 20 g of methanol at 50

°C for 1 hour at 600 rpm using a heated magnetic stirrer. At the end of the reaction, the blend



was transferred to a separation funnel and left for 2-3 hours for phase separation. The alcohol
in the upper phase was removed, and the remaining oil in the lower phase was washed with a
sodium bicarbonate solution at 85 °C to adjust the pH to 7. It was placed in a separation funnel
and rested for a day. After the water remaining in the lower part was taken away, the oil was
heated in a heated magnetic stirrer at 110 °C for 20 minutes to remove the water inside.
Following these procedures, the oil was subjected to an optimization process in the secon@ge
for the transesterification reaction using a basic catalyst. As a result of the optimiz.aﬁg, or 100
g of oil, using 17 g of methanol and 0.42 g of NaOH at 57 °C for 1 hour, th@& (on a Y%ow/w
basis) was obtained as 97.1% for Crambe tataria and 96.5% fo&a{ e orientalis. The
biodiesel-diesel blended fuels used in the experiments are as f s: For C. tataria: CTB20
(20% C. tataria + 80% diesel fuel), CTB40 (40% C. tatari &»dlesel fuel), CTB60 (60% C

tataria + 40% diesel fuel); For C. orientalis: COB2 %: orientalis + 80% diesel fuel),
COB40 (40% C. orientalis + 60% diesel fuel), €O)3 0 (60% C. orientalis + 40% diesel fuel);

And for standard diesel fuel: DO. Table 6 presehts some properties of the fuels deployed in the

trials. w
R
N
N
OCJ
3. Rmand discussion

3.1 Brake Fuel Specific Consumption

Table 5

Table 6

Figure 2 depicts the alteration of BSFC with respect to engine load. When examining the
variations in specific fuel consumption of the fuels, it is monitored that the specific fuel

consumption of biodiesel mixtures increases with the rising biodiesel percentage match against



to diesel fuel. The BSFC values of the biodiesel blended fuels COB20, COB40, COBG60,
CTB20, CTB40, and CTB60 increased by an average of 6.2%, 10.9%, 16.8%, 4.3%, 10.2%,
and 14.5%, in turn, check against to diesel fuel. For this increase, Lapuerta et al. attested that
on the occasion of the oxygen quantity of biodiesel fuel and its lesser calorific value, the brake
specific fuel consumption (BSFC) is expected to increase by roughly 14% confront with diesel
fuel [30]. In the same vein, Zhang et al. notified that the BSFC levels of biodiesel fuels ir%vse
by around 10%. This is attributed to their lesser calorific value and upward d.eN . Since
engine load increases, the impact of kinematic viscosity on BSFC can be fragtiorally reduced
by reason of the rise in in-cylinder temperature [31]. Selvan et al. sté&/ further reason for

the increase in SFC in mixtures is the variations in combustion %ing caused by the cetane

number of biodiesel, along with the changes in injection@ﬁ 32].

",

oY
3.2 Combustion Analysis ,@ >

Figure 3 exhibits the aIterati@ in-cylinder pressure and heat release rate corresponding with
crank angle. The in-cw@)pressure values of the fuels used in the trials increased with rising
engine load. With i sing load, a subdued increase in the maximal in-cylinder pressures was
observed ov uels. This increment is attributed to the higher content of fuel injected into
the Iianhich in turn raises the in-cylinder temperature. In Crambe tataria and Crambe
orieEZbiodiesel blends, the pressure rise occurred earlier than in diesel fuel as the biodiesel
proportion raised. This is on account of the earlier start of injection for biodiesel, which results
from its elevated viscosity and density match against to diesel fuel, and besides lower
compressibility of biodiesel relative to diesel fuel [33]. Additionally, the shorter ignition delay

of biodiesel mixtured fuels sparks off an earlier start of combustion and consequently a prior



rise in pressure. The maximal pressure values of the biodiesel mixtured fuels were slightly
lesser check against to those of diesel fuel. The variations in heat release can be observed in
Figure 3. Heat release in compression ignition engines emanates in two stages: premixed
combustion and diffusion combustion. In all biodiesel blends, combustion started earlier as the
biodiesel ratio increased, and the heat release along the premixed combustion phase decreased
with higher biodiesel content. The maximum heat dissipation rates of the biodiesel b@ed
fuels COB20, COB40, COB60, CTB20, CTB40, and CTB60 were, on average, 1.7. %, 23.6%,
24.9%, 9.9%, 24.9%, and 26.4% lesser, respectively, check against to diese{biﬁle elevated
cetane number of biodiesel mixtures, and consequently their lessene T&h delay, along with
their higher viscosity, surface tension, and poor spray atomizatioﬁbntribute to the lower heat
dissipation rate match against to diesel fuel [33-34]. F ore, the higher maximal heat

dissipation rate of diesel fuel can be originated frem @I vated calorific value confront with

the biodiesel fuel blends. :: @)

\OAA) Figure 3
O

Figure 4a shows the igq ipder temperatures observed at a 60 N engine load. Based upon the
smaller calorific nu ‘aﬁ r of biodiesel blended fuels, the in-cylinder gas temperatures were lesser
match again@) ose of diesel fuel. The utmost in-cylinder temperature was obtained with
die qu 1737.8 K, while the lowest was recorded with COB60 fuel at 1216.4 K. Figure 4b
illuhthe alteration of cumulative heat dissipation corresponding with the crank angle at a
60 N engine load. The highest cumulative heat dissipation rate was recorded for diesel fuel at
2026.6 J/°CA, while the lowest was observed for COB60 fuel at 1685.8 J/°CA. For biodiesel
blends, the cumulative heat release is lesser confront with the diesel fuel because of the fewer

calorific number of the biodiesel blend [35].



Figure 4

Figure 5 illustrates the variations in CA10 and CA50. In internal combustion engines, the crank
angle position related to 10% of the total heat release (CA10) is acceded to the start of
combustion. The crank angle at which 50% of the cumulative heat dissipation ingenerates is
referred to as CA50 [36]. CAS50 is delayed as engine load increases, because Withhi@(pa(;s,
the upsurged amount of fuel leads to a more pronounced diffusion combus@ase [37].
When examining CAL10, it can be inferred that due to the high cetane u%‘&d consequently
shorter ignition delay of biodiesel blended fuels, 10% of the heat rel§éventuates before top
dead center (TDC). However, at a 60 N engine load, the inc% uantity of fuel injected into
the cylinder with rising load brings the effects of the el iscosity and density of biodiesel
blended fuels to the forefront, redounding a del .Mmbustion match against to diesel fuel.
When examining CABO0, it can be stated th%&ch engine load, the CA50 levels of biodiesel
blended fuels are superior compared ose of diesel fuel. This can be enunciated by matter
of fact that biodiesel has the&mny and viscosity than diesel, requiring the more time to

complete the combustion .

XV
@Q Figure 5
O
O
Dec%’as the range from start of combustion (SOC) to the end of combustion (EOC),
combustion duration represents the total time needed for the complete combustion of the fuel.
From the figure, it can be observed that diesel has a shorter combustion duration across all
loads, whereas biodiesel blended fuels exhibit longer combustion durations. Additionally, as
the load increases, combustion duration tends to increase for all fuel blends. This increase in

combustion duration for the biodiesel blended fuels COB20, COB40, COB60, CTB20, CTB40,



and CTB60 was determined to be, on average, 26.6%, 25.1%, 21.4%, 17.5%, 28.5%, and 28.7%
upper than that of diesel fuel, respectively. At low engine loads, the more combustion duration
of biodiesel can be redounded to its logy evaporation characteristics due to lower fuel injection
quality and larger droplet sizes. A longer diffusion combustion stage also leads to more
combustion duration in all ester fuels match against to diesel [35]. The elevated kinematic
viscosity of biodiesel is believed to significantly hinder the fuel spray, evaporatioﬁbnd
atomization processes, begetting in slower combustion and thus longer combus.N ration
[38-39]. Additionally, the longer ignition delay of diesel fuel enables more A&ﬂling up in
the cylinder, enabling superior air—fuel mixing and thereby improviﬁ&&usﬁon.

'O

Figure 6 &x

o

RI (ringing intensity) variations are prese @igure 7. The maximum pressure rise rate,
which varies depending on factors such as engine speed, is an indicator of the engine's knock
tendency [40]. High ringing int%‘% leads to excessive combustion noise and can cause
damage to engine compone@?s]. It was beholded that the adding of biodiesel to diesel fuel
reduced the RI. This r@w in Rl for COB20, COB40, COB60, CTB20, CTB40, and CTB60
biodiesel blended as determined to be, on average, 22.8%, 33.6%, 45.2%, 17.7%, 43.1%,
and 39.3% I@Qan that of diesel fuel, respectively. The lesser calorific value of biodiesel
con 'btho more stable combustion, resulting in lower RI values for biodiesel mixtures.
Conmg to diesel fuel, biodiesel fuels are apt to produce lower vibration and noise levels
[33]. Additionally, the oxygen quantity in biodiesel ameliorates combustion, which is also

considered a contributing factor to the lessened RI values match against to diesel fuel.

Figure 7



The COVimep Value, which should not surpass10% for stability of combustion and operation of
internal combustion engines [19, 41], may vary from cycle to cycle due to factors such as
leakage from piston rings, the valve system, or the cylinder head gasket, as well as residual
exhaust gases remaining in the cylinder at the end of the exhaust stroke, all of which affect in-
cylinder pressure and temperature [19]. Maximum cyclic differences are typically obse@at
the lowest engine load but tend to decrease as engine load spikes. The increased.ﬁg elivery
into the cylinder at higher loads pave the way in higher in-cylinder gas temp s, improving
combustion conditions and reducing cycle-to-cycle variations. Siné&'&hore viscosity and

density of biodiesel blended fuels, fuel atomization deteriora&es,@ing to relatively elevated

COVimep Values compared to diesel fuel. Q&J

Indicated mean effective pressure (IMEP V\@I is one of the key engine performance
parameters, represents the average of the varying pressures exerted on the piston throughout a
cycle. The figure displays the alws indicated mean effective pressure (IMEP) at a 60 N
engine load over 50 cycles.@ccount of the elevated calorific value of diesel fuel confront
with biodiesel blende%@ higher IMEP values were observed for diesel. Another possible
reason for the low EP values of biodiesel blended fuels is their higher flash point relative
to diesel fuel. may weaken fuel evaporation and lead to the formation of heterogeneous
pockets cgéining unevaporated liquid fuel when blended fuels are used. In addition, the higher
viszg;ﬁ biofuels may further contribute to poor fuel blending and evaporation. It has been
stated that higher-viscosity fuels can diminish in-cylinder efficiency, which may result in low

engine performance fruitages for instance power, torque, and fuel efficiency [42].

Figure 8



3.3 Pollutant Emissions

Since hydrocarbon fuels burn in the cylinder of internal combustion engines at various air—fuel
mixture ratios, they emit not only complete combustion products but also harmful emissions.
These emissions are legally regulated. Furthermore, both engine design and fuel-related studies
are ongoing to reduce them. Depending on fuel quality and blending ratio, the dow@in
pollutant emissions can reach up to 78% [43]. .x

CO emissions in compression ignition (Cl) engines are significantly |Q®Qﬂ those in
gasoline engines due to the lean combustion conditions [44]. How * diesel engines, the
formation of CO emissions is attributed to partial or incomplete c(@ustlon, which results from
heterogeneous mixture ratios, low in-cylinder pressure, def|C|ency, and lower charge
mixture temperatures [34, 44-47]. Figure 9 shows t ?atlons in CO emissions. The CO
emission values of COB20, COB40, COB C@E CTB40, and CTB60 biodiesel blended
fuels were, on average, reduced by 30.6%, 33:2%, 32.0%, 15.2%, 13.2%, and 11.7%, in turn,
equiparated to diesel fuel. CO%‘% upsurged for all fuels with increasing load. This
increase is ascribed to the @hment of the mixture due to greater fuel injection into the
cylinder, which reduc&@aﬁon reactions. Whenas biodiesel fuel is used in diesel engines,
the reduction in C issions match against to diesel fuel has been connected with the oxygen
quantity of hiodjesel [34] and its elevated cetane number [44].

Unlike a@spheric oxygen, fuel-bound oxygen promotes combustion within fuel-rich spray
pattesas [44], and by mitigating the drop in post-combustion temperature, it facilitates the

completion of oxidation reactions, thereby reducing CO emissions [46].

HC emissions, which originate from completely or partially unburned fuel, are primarily caused

by poor fuel-air mixing and are not significantly affected by the overall air—fuel equivalence



ratio [48]. In addition, factors for instance high fuel evaporation heat, poor air—fuel mixture
proportions, less flame speed, great fuel viscosity, and meagre atomization are among the key
parameters contributing to unburned hydrocarbon (UHC) formation in the exhaust [45]. Figure
9 presents the fluctuation of HC emissions with relative to engine load. Equiparated to diesel
fuel, the HC emissions of COB20, COB40, COB60, CTB20, CTB40, and CTB60 biodiesel
blended fuels were, on average, reduced by 26.8%, 36.7%, 42.3%, 19.8%, 19.4%, and ﬂ%%
respectively. As engine load upswings, the quantity of fuel injected into the cylind.e% raises,
begetting to a rise in HC emissions over all fuel types. However, biodiesel fW‘Qures emitted
lower HC emissions confront with the diesel fuel. This downfall isganed on the more full

combustion of the fuel, resulting from the higher molecular ox& bstance and great cetane

number of biodiesel [22, 34, 47, 49]. Q

e

NOx emissions are subject to %io% to ensure they meet minimum standards, as they

generate to the greenhouse e@ respiratory diseases, and a range of environmental concerns
[50]. Possible factors)@)z increment in NOx emissions in biodiesel fuels: Thermal NOx

formation, promé formation, and fuel-bound nitrogen mechanisms [44]. Thermal NOx

formation a;@t

the §0l§»€f NOx emissions spikes in direct proportion to the temperature of the engine’s
n

ns to cylinder temperature, oxygen level, and abode time [51]. Additionally,

cylingler walls. Several factors, such as piston bowl geometry, extreme inlet air temperature,
injection timing, and injection pressure, influence NOx occurrence within the cylinder [47]. In
addition, NOx emissions are significantly affected by ignition delay [49]. A shorter ignition
delay leads to a shorter mixing time, resulting in a slower combustion rate and a more gradual

rise in pressure and temperature [34]. Kocakulak et al. 2023, has been reported that the addition



of carbon nanotubes (CNTSs) significantly shorten ignition delay and enhance combustion
dynamics in diesel engine systems. [52].

Possible factors for the increment in NOx emissions in biodiesel fuels

. The higher the density, the higher the NOx emissions tend to be, and vice versa. This
is because the mass of fuel per unit volume inside the engine cylinder increases.

. Great fuel viscosity raises NOx emissions. Higher fuel viscosity paves the way t@

o
increment in mass injection. Fuel atomization percentages will decrease, Ieadi%

impingement. (b

. A higher fuel bulk modulus results in increased NOx em f&s. Based upon the
advanced injection and consequently elevated NOx emissions‘@h-temperature conditions
persist for a longer duration. Q&J

. Great surface tension sparks off the increased @k emissions. It has been noted that

the surface tension of biodiesel is 22% sup% hat of fossil diesel.

. A superior iodine value leads to increased NOx emissions. Biodiesel with an iodine
number lower than 40 is suppos engrate less NOx.
. Methyl esters, chara@ed by two oxygen atoms per molecule, have a major impact

on the iodine value. A;@Uoned earlier, the oxygen quantity primary affects NOx emissions.
Biodiesel's higher (lower heating value) leads to elevated fuel consumption proportions
and conseqgénily elevated NOx emissions. However, in some instances, incomplete
co ustlcff)ehavior results in lesser NOx emissions, as stated in the literature [53].

Fi:h shows the NOx emissions of the test fuels. The CTB60 fuel performed the utmost
NOXx values across all loads, with the highest increase of 24.8% observed at the 60N engine
load. The increase in NOx emissions for biodiesel mixture fuels is supported by the fact that
biodiesel contains oxygen, has a longer combustion duration, and has higher viscosity and

density.



Smoke emissions pose serious risks to both human health and the environment. They can cause
headaches, chronic respiratory issues, allergic diseases, cancer, and growth retardation in
infants. In compression ignition engines, smoke emissions are typically formed in regions of
excessively rich combustion and uneven air—fuel mixtures [54]. Additionally, the sole visible
exhaust gas, smoke opacity, is caused by the ingeneration of large fuel particles in are@nh
fuel-rich areas inside the combustion chamber, resulting in the presence of u.rN d fuel
particles in the exhaust gases [55]. Both diesel and biodiesel fuels show a se in smoke
emissions as engine load increases. At same engine loads, diesel fﬁ&'ggerates more smoke
emissions than alternative fuels. The soot emission graph is pres‘@d in Figure 10. Compared
to diesel fuel, COB20, COB40, COB60, CTB20, CTB40 )&}BGO fuels have, on average,
9.1%, 17%, 26.2%, 6.1%, 13%, and 20.8% lowerso %ns, respectively. The lower soot
emissions from biodiesel blended fuels are adtri txto the oxygen substance and less sulphur
quantity of biodiesel [56]. Additionally, h%city of aromatic compounds in biodiesel fuels,
the lesser C:H ratio, and the sur olecules in fuel-rich pockets could increase engine
combustion and fuel oxidati@?]. The less sulphur quantity of biodiesel, the entity of oxygen
in its molecular struct%@ great air excess ratios enhance combustion efficiency. While the
minimal SOz emis contribute to reducing smoke emissions [56], the oxygen component of

biodiesel in@@diffusion combustion, leading to more thorough oxidation of the produced

parﬁ' Ies.@s makes biodiesel more effective in reducing smoke emissions [49].
Figure 10

Conclusion



The specific fuel consumption values of the fuels derived from Crambe tataria and Crambe
orientalis biodiesel mixtures were attained to be higher at all engine loads match against to
diesel fuel, based upon the relatively high viscosity, high density, and small calorific value of

the biodiesel blends. The COB60 fuel showed the highest increase, with an average of 16.8%.

The heat release rates of all fuels initially increased with load but decreased at a 0.48 MP%d.
This upward trend is due to the greater volume of fuel injected as the load inc;ﬁg , which
results in warmer cylinder walls and elevated in-cylinder gas temperatur ever, at the
0.48 MPa load, despite the increased fuel amount, heat release decreé%ﬂis reduction is due
to the enrichment of the fuel-air mixture and consequently wars@combustion. The notable
increment in THC emissions at this load supports this reasepifng. The least heat dissipation rate
was observed with CTB60 fuel, at an average of 26.4%,)\Whereas the small calorific value of
biodiesel blended fuels, the in-cylinder tem a@and cumulative heat dissipation values are
lesser check against to diesel fuel. Base ur;%fthe elevated viscosity and density of biodiesel
fuels, the combustion duration 4 ‘évhan that of diesel fuel, while the IMEP values are
lower. With its inherent oxy@ubstance of biodiesel's, the Rl numbers were found to be the

lowest with COB60 fL&@n average of 45.2%.

Across all e@@oads, the fuels derived from Crambe tataria and Crambe orientalis biodiesel
mi rest‘cated lesser CO, CO., THC, and soot emission values match against to diesel fuel.
Hok NOx emissions were found to be little higher compared to diesel fuel. As the
biodiesel ratio raised in the biodiesel blends, emission values decreased. Overall, biodiesel
blends have lower CO, CO., THC, and soot emissions. Nevertheless, by virtue of the rised
volume of fuel injected into the cylinder with rising load, there was an increase in emission

values for all fuels. On average, the greatest downfall was observed in CO emissions with



COBJ40 fuel (33.2%), in HC emissions with COB60 fuel (42.3%), and in soot emissions with
COB60 fuel (26.2%). However, the highest increase in emissions occurred with CTB60 fuel at
60N engine load, with a 24.8% rise. Crambe tataria and Crambe orientalis, both non-edible
oilseed plants, exhibit promising potential as alternative sources for biodiesel production.
Notably, Crambe orientalis demonstrates superior fuel characteristics, including a higher
calorific value and cetane number, alongside reduced emission levels compared to Cf@)e
tataria.

The following topics are suggested for future studies: (D:Q
. Visualisation and analysis of combustion flames x‘

. Investigation of droplet size distribution in fuel injectio@ms
. Research into the effect of nano-based additives o erformance
. Assessment of the compatibility of two-stmke@ﬁi es with alternative fuels
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Table 1 Specifications of the Antor diesel engine (b
&
Model/Make Antor/6LD400 »
DI-diesel engine, naturally
Type of engine aspirated, air cooled Q
Number of cylinder 1 %"
Bore x Stroke (mm) 86 X 68 ‘%
Cylinder volume (cm®) 395
Compression ratio 18:01 o
Maximum power (kW) 54 @ 30
Maximum torque (Nm) 19.6 @é pm
[
Table 2 Technical specifications of d% sed in emission measurements
Model Graphite 52M & YTopaze 32M MIR 2M
Gases THC ~ NOXx co
Measurement HFID 4% HCLD NDIR-paramagnetic
procedure
Linearity @ <1% <1%
Measuring range @)00 ppm/ 0-10/100/1000/ 0-500/10000ppm/
@ 00 ppm 10000 ppm 50000ppm (CO)
The lowest 05 ppm 0.1 ppm <2% (For full scale)
measurement Q
Response tim <15 <2s <2s
Device mogel AVL DiSmoke 4000
Measur Partial flow
method Opacity K value
O;%m range 0-100% Accuracy 0.1%
Accliracy (m™1) 0-99.99 0.01

Table 3 Specifications of pressure sensor

Model AVL 8QP500c quartz
Operating range (bar) 0-150
Measurement precision (pC/bar) 11.96
Linearity (%) +0.6
Natural frequency (kHz) >100




Table 4 The specifications of exhaust emission and measurements devices

. e Percentage
Operating range Sensitivity Uncertainty (%)
CO (vol %) 0-5 +0.01 vol % 0.2
THC (ppm) 0-10000 +1 ppm 0.01
NOX (ppm) 0-10000 1 ppm 0.01
Smoke opacity (%) | 0-100 % 0.1 % 0.001
Encoder (° 0-360 +0.36 0.1 ¢
) . \Z?
Precision balance (g) | 0-1000 +0,01 0.01 \\/
Pressure sensor (bar) | 0-150 - ‘»

Table 5 The properties of Crambe tataria and Crambe %’alis oils

C. Tata& C. Orientalis
Refractive index (20°C) 1. l 1.4721
FFA o 0.16
Saponification number N ﬁ; 185 187
lodine value 100 98
Peroxide value 6.8 3.8
Density kg/m?® (15° 0.916 0.916
Kinematic visco m (40°C) 43.77 45.07
Fatty acids ,,3
Myristic apid (644:0) 0.11 0.08
Palmitiadjd (C16:0) 2.76 2.68
Palrfftoleit acid (C16:1) 0.23 0.17
QIMaric acid (C17:0) 0.02 0.03
eptadecenoic acid (C17:1) 0.07 0.05
YV Stearic acid (C18:0) 075 0.65
Oleic acid (C18:1) 30.13 27.34
Linoleic acid (C18:2) 16.4 12.22
Linolenic acid (C18:3) 9.15 9.38
Arachidic acid (C20:0) 0.45 0.47
Eicosenoic acid (C20:1) 1 1.18
Behenic acid (C22:0) 0.29 0.27




Erucic acid (C22:1) 37.11 44.32
Lignoceric acid (C24:0) 0.22 -
Nervonic acid (C24:1) 1.26 1.14

Table 6 The properties of the test fuels

C. tataria C.orientalis DO
Density kg/m? (15°C) 883.1 882.7 841.75
Kinematic viscosity mm?/s (40°C) 6.149 6.431 3.35¢ \o/
Flash point (°C) 181.5 181.5
Cold filter plugging point (°C) 13 5 -
Cetane number 57.7 58$ 53.1
Pour point (°C) -12 . -
Lower heating value (MJ/kg) 40.20 &&4 42.6 [29]

Water content (mg/kg) 381% 356.36 -
[




