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Abstract
Synthetic para�nic kerosene (SPK) is an ultra-clean fuel with low aromatic content and negligible
quantities of sulfur compounds. Although, SPK has a good potential to replace the conventional fuel Jet
A-1, it also has some de�ciencies. One of them is the low lubricity compared to its conventional
counterpart Jet A-1. To improve the lubricity of SPK, three selected additives have been mixed with SPK at
different concentrations. The lubricity of the samples was determined experimentally and the samples
that meet the industry speci�cations have been studied further. The effect of the additives on the
physicochemical properties, such as, density, �ash point, freezing point, viscosity, and heat content, were
investigated. Linoleic acid was found to be an excellent lubricity improver even at a very low
concentration and its negative impact on the other physicochemical properties was found to be
insigni�cant. Ethyl oleate also demonstrated signi�cant improvement in lubricity at low concentrations
but had a negative impact on the fuel’s freezing point at high concentrations. Quinoline, at high
concentrations, elevated the blend’s freezing point above the acceptable limits. In parallel to the
experimental campaign, a pre-existing mathematical modelling tool was utilized to predict the properties
of interest. The lubricity model was successfully introduced into the mathematical model in order to
improve the capabilities of the model. Linoleic acid sample showed the best improvement in lubricity of
SPK with wear scar diameter of 417 µm; well below the ASTM D7566 maximum limit of 850 µm. The
dual nature of this study facilitated the optimization of the physicochemical properties of the fuel
samples.

1. Introduction
The aviation industry is expanding with an annual growth rate of ~ 6.2% over the last �ve years [1]. The
projected annual growth for the next 30 years for passenger tra�c and airline �eets is expected to be
4.7% and 3.5%, respectively [1]. Therefore, the consumption of aviation fuel will be doubled in 2040
compared to the consumption in 2015 [2]. Currently, CO2 emissions from the aviation industry is about
2% and is expected to grow to 3% in 2050 [3]. Since emissions from aircraft occur at very high altitudes,
therefore their effect in terms of Greenhouse Gas (GHG) contribution is compounded, especially for NOx

and SOx emissions; however, these emissions have a signi�cant negative impact on the airport’s
neighbourhood environment [4]. The rapid growth of the aviation industry and the stringent
environmental regulations, in addition to the increase of fuel prices, have encouraged the industry to
explore alternative jet fuels for turbine jet engines. Many international airlines have already started using
blends of conventional jet fuel and synthetic jet fuel to compensate the increase in jet fuel price and their
dwindling availability [5]. The synthetic fuels produced from the Gas to Liquid (GTL) process are ultra-
clean as they lack aromatics and sulfur. Synthetic para�nic kerosene (SPK) derived from the GTL
process has been previously successfully blended with Jet A1 for use in the aviation industry [5].

Conventional jet fuel is a mixture of different hydrocarbons usually in the range C8 to C16 [6], these
hydrocarbons are categorized into four groups: para�ns, cyclopara�ns, ole�ns and aromatics in
addition to small amounts of hydrocarbons that contain sulphur, nitrogen and oxygen [6]. The main
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difference between SPK and conventional jet fuel is that SPK does not contain aromatics and sulphur
compounds and mainly consists of para�nic hydrocarbons [5]. Para�nic hydrocarbons have higher
energy content when compared to other building blocks. Therefore, SPK fuel has a higher speci�c energy
content than Jet A-1 [5]. On the other hand, since SPK is lacking sulphur, nitrogen, and oxygen
compounds, SPK suffers from a lower lubricity and a lower density when compared to its conventional
counterpart. An extremely important physical property of the fuel is lubricity. Lubricity is a measure of the
fuel’s ability to reduce friction and wear between the parts of the engine and fuel system, thereby, making
it critical for extending the engine lifetime [7]. High lubricity fuel forms a continuous �lm that helps in
minimizing the effect of friction on the metallic parts. On the other hand, �lms formed from low lubricity
fuels might be too thin to provide enough protection or may not be distributed evenly on the surface of
the metal [8]. When ultra-clean fuel was introduced to the engine and fuel systems, it resulted in the
failure of the fuel injection systems leading to a decrease in the engine performance and in some cases
complete engine failure [9]. This led to studies aimed at investigating the failures faced upon its
application. It was found that the failure of engines and the pumping systems, while using ultra-clean
fuel, was caused by the fuel’s low lubricity. Aromatics, organic acids, nitrogen, oxygen, and sulfur
compounds are reported to have the ability to improve the lubricity of a fuel [10]. Since SPK lacks these
compounds, the fuel tends to have lower lubricity than Jet A-1 thereby causing excessive wear to the
engine components [10, 11].

Lubricity additives are polar and active surface compounds with long hydrocarbon chains that contain an
active group such as a carboxyl group or an ester group [9]. These active polar groups react within the
fuel to produce a protective �lm layer over the metal surface to protect it from friction and wear and tear
[12]. The family of lubricity improvers includes carboxylic acids, amides, alcohols, ethers and esters as
well as nitrogen and sulphur compounds [9, 10].

Anastopoulos et al [13] reported an improvement in the lubricity of diesel fuel when adding carboxylic
acids. They found that a concentration between 500–750 ppm is su�cient to yield comparable lubricity
to that obtained when using amides and amines at higher doses [13]. In a study on the effect of lubricity,
additives on the interaction between the fuel and the metal surface, Matzke et al. [10] concluded that
losing nitrogen compounds such as quinoline from fuel is the main cause of poor lubricity [10]. In a
separate study Hu et al. [9] found that tall oil fatty acid (TOFA) could be an excellent lubricity improver for
diesel fuel even at concentrations lower than 500 ppm.

Geller and Goodrum [14] experimentally determined that unsaturated fatty acid esters have a better
performance in improving lubricity than saturated ones at concentrations up to 1 vol % of the fuel [14].
While many studies reported on the effect of additives on lubricity of jet fuels, they focused mainly on the
lubricity while overlooking other important physical properties of the fuel that needs attention as well.

This study aims at addressing the lubricity limitation of SPK fuel by screening several additives to
identify the most suitable ones to boost the lubricity while least impacting other critical properties of the
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fuel certi�cation. Additionally, this study aims at improving the competences of an already developed
model [15–17], that has been used to predict the fuel’s lubricity as well as other properties.

2. Methods
This study was conducted in two stages. The �rst stage was to experimentally test the critical
physicochemical properties of the fuels. The second stage was to forward samples compositions and
properties to the mathematical modelling team at Dalian Technical University, where they utilized a
previously developed mathematical modelling tool to predict the physicochemical properties of the fuel
[16, 17]. Later the data found in the lab and the predictions results obtained by the model were compared

Fuel samples were prepared as per the desired composition and their physicochemical properties were
tested according to American Society for Testing of Materials (ASTM) standard methods that are listed in
Table 1.

2.1. Experimental Section
The experimental campaign was conducted at Texas A&M University in Qatar at its state-of-the-art Fuel
Characterization Laboratory. In order to understand the effect of lubricity additives on the SPK fuels
physicochemical properties, �fteen fuel samples were prepared. Pure SPK fuel cut without any additive
was not readily available in the market. Therefore, a total of 20 liters of GTL diesel were obtained from a
local supplier and was fractionated to extract SPK fuel cut to be used in the subsequent investigations.
To ensure that the extracted SPK meets the industry speci�cation, various physicochemical
characterization tests were conducted as listed in Table 1. Samples of SPK and lubricity improvers
(additives) were prepared in their desired concentration and tests were conducted according to the
various ASTM methods as listed in Table 1. The equipment items used to conduct the tests are listed in
Table 2.
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Table 1
Selected key properties from ATM D7566 standard [7]

Analyzed Property ASTM Method Unit Minimum Limit Maximum Limit

Density D4052 g/cm3 0.775 0.840

Viscosity at -40 oC D445 cSt - 12.00

Flash Point D93 oC 38.0 -

Freezing Point D5972 oC - -40.0

Net Heat of Combustion D240 MJ/kg 42.8 -

Lubricity D5001 mm - 0.85

Distillation D86      

10% recovered, Temperature oC - 205

50% recovered, Temperature oC - Report

90% recovered, Temperature oC - Report

Final boiling point, Temperature oC - 300

Distillation residue % - 1.5

Distillation loss % - 1.5

Table 2
List of instruments used for experimental campaign

Instrument Test ASTM test method

PCS Automated BOCLE System Lubricity Test ASTM D5001

Anton Paar DMA 4100 Density Meter Density Test ASTM D4052

70Xi Cold Flow Properties Analyzer Freezing Point Test ASTM D5972

Pensky-Martens SETA PM-93 Flash Point Test ASTM D93

Parr 6200 Calorimeter Heat Content Test ASTM D240

SVM 3000 Stabinger Viscometer Viscosity Test ASTM D445

GTL diesel was fractionated by utilizing the B/R Instrument Spinning Band Distillation System. The
operating conditions of the distillation column are given in Table 3.
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Table 3
Operating conditions for the fractionation

column
Operating condition Value

Initial and �nal boiling points 140–240 °C

Operating pressure 20 mmHg

Condenser Temperature 20 °C

Re�ux Ratio 2

Each SPK diesel batch was added to the heating pot at the bottom of the fractionation column since the
heating pot maximum capacity was 1 litre only. Each batch was 800 ml. The fractionation process was
started under the operating conditions given in Table 3. The column system was set to produce two cuts,
the �rst was the GTL SPK with a boiling point up to 240 °C. The second cut was GTL diesel with a boiling
point higher than 240° C. The SPK cut was collected using 8 collection tubes located after the condenser.
Table 4 summarizes the fractionation process parameters.

Table 4
Fractionation batch parameters

Parameter Value

Initial GTL Diesel volume per batch 800 ml

Fractionation time per batch 3.5 hours

Extracted SPK volume per batch 305 ml

Losses volume per batch < 5 ml

Fuel Recovery percentage 38%

The extracted SPK cuts from different batches were collected separately and tested to con�rm their key
properties (density, viscosity and distillation curve) for consistency. All the extracted SPK cuts were then
mixed together to obtain a total 7.35 liters and the composition of the extracted SPK was determined
using a gas chromatography–mass spectrometry (GC-MS) analyser.

Based on the literature review[10][14][18], three lubricity additives were selected for testing as
summarized in Table 5.
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Table 5
CAS number and common usages for the selected lubricity additives

Chemical CAS
Number

Additive Usage

Linoleic
acid

60-33-3 Carboxylic acid that has been used as a lubricity improver for Diesel
fuel [18]

Ethyl
Oleate

111-62-6 A fatty acid ester used as an additive in bio-based lubricants [14]

Quinoline 91-22-5 A heterocyclic aromatic with a nitrogen group [10]

A total of 15 SPK-additive samples were prepared, and their composition, concentration, and names are
listed in Table 6.

Table 6
Fuels samples and their concentrations

Sample Name Additive Additive Concentration

    ppm Vol%

SPK 001 - - -

SPK 002 Linoleic Acid 10 -

SPK 003 Linoleic Acid 20 -

SPK 004 Linoleic Acid 50 -

SPK 005 Linoleic Acid 100  

SPK 006 Ethyl oleate - 0.5

SPK 007 Ethyl oleate - 1

SPK 008 Ethyl oleate - 2.5

SPK 009 Ethyl oleate - 5

SPK 010 Ethyl oleate - 10

SPK 011 Quinoline - 0.5

SPK 012 Quinoline - 1

SPK 013 Quinoline - 2.5

SPK 014 Quinoline - 5

SPK 015 Quinoline - -

Yue et al. [19] studied the in�uence of jet fuel’s hydrogen/carbon (H/C) ratio and molecular weight on the
fundamental properties of the fuel and it’s supercritical cracking performance. They found that the value
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of H/C is inversely proportional to the total content of aromatics and naphthenes in the fuel. In addition
to being the main source of energy to power the aircraft’s engine, jet fuel also operates as a coolant to
absorb heat from various aircraft components such as the engine and the air frame [20]. Thus, it is
important to study the performances of fuel at high temperatures and how it is affected by the thermal
cracking process and the formation of solid deposits such as coke [20).

Coke deposits on the surface of fuel system components degrades the performance of hydrocarbon fuels
by increasing thermal resistance and fuel pressure drop. Also, large deposits of coke may lead to blocking
the fuel passage [21–22]. Yue et al. [7] reported that coke deposits decrease with the increase of H/C.

The H/C ratio for the extracted SPK fuel was calculated using Eq. (2.1) [23]:

H/ C = 38.545ρ2–64.494ρ + 28.845 (2.1)

Where ρ is the fuel density.

In order to con�rm this result Eq. (2.2) was used [24]:

H/C = Σxi Hi / Σxi Ci (2.2)

Where xi is the mole fraction of the component, and Hi is the number of hydrogen atoms in the

compound. Eq. 2.2 is valid for density range of 0.7- 0.827 g/cm3.

To �nd the molecular weight of the fuel, Eq. 2.3 was used [24].

MWmix = xi MWi (2.3)

Where Xi is the mole fraction of the component.

The lubricity values of the fuel samples were tested according to ASTM D5001 test method using PCS
Automated BOCLE System. PCS BOCLE is a “Ball -on-Cylinder Lubricity Evaluator”, BOCLE measures the
lubricity of the fuel by immersing half of a ring in 50 ml of the fuel sample. After �xing the temperature
and humidity of the sample, a small metallic ball is lowered down to apply a pressure on the rotating ring,
after 30 minutes of the applied pressure and due to friction between the ring and the ball, a scar will form
on the ball surface at the point of contact. Next the ball is examined under the microscope and the wear
scar diameter is measured [25]. Figure 1 illustrates the BOCLE test cell [26].

2.2. Mathematical Modelling
Yunus et al. [27] reported a systematic methodology to design tailor-made blended products using
computer-aided techniques. They developed three supporting tools: a chemical database, a property
model library, and a blend composition optimizer associated with their methodology. This methodology
has been adopted by Choudhury et al. [16, 17] to design fuel surrogates for GTL diesel. In this study, the
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method reported by Yunus et al. [27] was used to estimate the lubricity of the fuel that meets the ASTM
speci�cations. The �rst step was to de�ne the problem: identify the product needs and translate them
into physicochemical properties with target values that need to be matched. Here, the constraint for the
new formulated SPK fuel samples was to meet the industry speci�cations for lubricity while meeting the
standards for the other critical properties such as density (ρ), viscosity (µ), freezing point (Tm) �ash point
(Tf), and heat content (Qn). The second step was to formulate the SPK samples with varying
concentrations and compositions of the additives. The ingredients of the SPK fuel can be divided into
main ingredients: (MI) and additives, where MI denotes the hydrocarbon content in the SPK fuel. The pure
compound physicochemical properties have been obtained from databases, and any missing data were
calculated using group contribution methods. For each sample, the selected additives and their
compositions are �xed. Therefore, using the linear mixing rule for each property except lubricity, the
mixture properties were predicted.

Next, the compositions of MI along with additives were fed into the model to assess its predictive
capability. Finally, a comparison between the experimental and the model predicted data was made in
order to verify the results of the model.

The following is an example of the equation used to calculate the sample’s lubricity -

the lubricity of the pure compound, λi, was calculated using Eq. (2.5) [28].

(2.5)

Where λi is the lubricity, µi is the kinematics viscosity, Ni is nitrogen content, Cyci is the cyclopara�ns
content of the compound in the fuel.

The lubricity of a mixture was calculated using Eq. (2.6).

(2.6)

Where λm is the lubricity of the mixture, xi is the mole fraction of compound i, λi is the lubricity of
compound i.

2.3. Optimization Model for the Design of Tailor-made Fuels
A Mixed Integer Nonlinear Programming (MINLP) optimization model was established to obtain the
optimal fuel mixture. The property constraints were collected in Table 7. The MINLP problem was solved
using GAMS (General Algebraic Modeling System), SBB solver. More details on the optimization tool can
be found in references [16, 29].

λi = 657.658 − 39.097μ − 0.361N + 3.175Cyc

log (λm) = ∑ixilog (λi)
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Table 7
Property constraints of the fuel design problem

Properties Lower bound Upper bound

Lubricity (µm) 0 500

density (g/cm3) 0.73 0.75

Freezing point temperature (K) 0 234

Flash point Temperature (K) 0 332

Viscosity (cSt) 0 7.3

Higher Heating Value (MJ/kg) 47 +∞

3. Results And Discussion
The extracted SPK sample was analyzed by GC-MS and 31 components were identi�ed. The components
were grouped as families according to their carbon number. The total wt.% distribution for the mixture is
given in Fig. 2, which shows the distribution of identi�ed iso- and normal-para�nic compounds according
to their carbon number. About 10% by weight of the components of the SPK cut could not be identi�ed.

Table 8 gives the test results of the key properties for the extracted SPK fuel cut. The density of the SPK
fuel cut is lower than the minimum value set by the ASTM D7566 speci�cation and the wear scar
diameter is higher than the maximum allowed value. On the other hand, the �ash point, viscosity, freezing
point, and heat content are all within the limits of the industry speci�cations.

The high percentage of normal para�ns (Fig. 2) explains the low density of the fuel cut and its high heat
content. Normal para�ns (n-para�ns) have lower densities and a higher heat content when compared to
branched para�ns with the same carbon number [5]. Additionally, the higher para�nic content of the
extracted SPK compared to Jet A1, results in the SPK fuel with a high H/C as reported in Table 8.

In general, fuels with high n-para�nic content tend to have low ignition delay time compared to fuels with
high content of iso-para�ns and aromatics [30]. In addition to fuel composition, the fuel’s volatility has a
signi�cant impact on delay times as the injected fuel forms droplets which evaporate before ignition.
Low-boiling fuel tends to ignite faster, thus reducing the time delay. The distillation curve of the extracted
SPK fuel is illustrated in Fig. 3, which shows initial and �nal boiling points of 163 °C and 241 °C,
respectively. The curve satis�es the industry standards as the �rst 10% of volume was recovered at a
temperature lower than 205 °C. Distillation residue and distillation losses were 1.4% and 1.3%,
respectively, both within the acceptable limits speci�ed in ASTM D7566.
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Table 8
Test results for key properties of SPK fuel cut

Tested Property ASTM Method Unit SPK

Density D4052 g/cm3 0.7442

Lubricity D5001 µm 900

Viscosity at -40 °C D7042 cSt 6.4085

Flash Point D56 °C 52

Freezing Point D5972 °C -41.5

Net Heat of Combustion D240 MJ/kg 44.29

Smoke Point D1322 Mm No smoke

MW - kg/mole 160.46

H/C - - 2.19

Since the extracted SPK fuel has high content of n-para�nic compounds and no aromatics, it is expected
to have low delay times and preferable combustion behavior, especially when considering the initial
boiling point of the fuel. Since aromatics and naphthenes form cokes more easily than para�ns during
the cracking reaction [19], it is expected that the extracted SPK used in this study would have a lower
tendency to form coke deposits at elevated temperatures and with lower cracking rates at high
temperature. Thus, this makes SPK a safer fuel compared to its conventional counterpart.

Quinoline initially dissolves easily in the SPK; however, but it tends to precipitate out of the SPK after
sometime creating two phases. This phenomenon indicates that quinoline has a low stability in the SPK
fuel. No similar trends were observed in the linoleic acid or ethyl oleate samples.

3.1. Lubricity trends of the fuel samples
The wear scar diameter (WSD) of the extracted SPK was found to be 900 µm and did not meet the ASTM
D5001 speci�cation of a jet fuel, i.e., 850 µm. Upon addition of linoleic acid as an additive in the extracted
SPK, a signi�cant improvement in the lubricity was observed as the WSD of the SPK dropped to 450 µm
from 900 µm. The lubricity results for linoleic acid mixed SPK are shown in Fig. 4a. It can be observed
that the concentration of linoleic acid used in this study was su�cient to improve the lubricity of the SPK
fuel. Similarly, both quinoline and ethyl oleate addition to the SPK resulted in ad substantial improvement
on the lubricity value of the fuel samples as depicted in the Fig. 4b. However, linoleic acid has a
pronounced effect on improving the lubricity value of the SPK samples compared to the quinoline and
ethyl oleate. Only 0.001–0.01(vol%) of linoleic acid was necessary to meet ASTM D5001 speci�cation of
lubricity compared to 0.5–10 (vol%) of quinolone and ethyl oleate. Referring to Fig. 4b, it is clear that the
performance of ethyl oleate as a lubricity improver is superior to its quinoline counterpart at the same
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concentration. Analyzing the lubricity trends of all the fuel samples, we propose an exponential
correlation (Eq-3.1) between additive concentration and fuels as given in Eq. 3.1.

3.1

Where =459.82, ,  and

Comparison of the experimental results and the model predictions is shown in Fig. 4a. It can be observed
that the model predicted values agree well with the experimental results for the linoleic acid samples.
However, the model fails to predict the lubricity value of the extracted SPK fuel which has no additives.
The variation in the model prediction was about 33% from the experimental result for the extracted SPK.
This could be attributed to the fact that the model used was developed for a conventional jet fuel but not
for a SPK fuel.

In the case of quinoline and ethyl oleate samples, model predictions are in good agreement with the
experimental data as given in Fig. 4b. However, a noticeable deviation in the model predictions was
observed when the additive concentrations were varied between 2–4 (vol%). The empirical model used to
calculate the lubricity was developed for low-sulfur conventional diesel fuel using a standard method.
The standard method for determining lubricity of diesel fuel was performed using the HFRR (High
Frequency Reciprocating Rig) according to ASTM D6079. However, the test method used in this study
utilized the BOCLE (Ball on Cylinder Lubricity Evaluator), following ASTM D5001 test method. The ASTM
D5001 test is conducted at room temperature, while ASTM D6079 is performed at 60 °C, and with a lower
load than the ASTM D5001 test.

As evident from the lubricity results, all the additives used in this study successfully improved SPK’s
lubricity to meet the ASTM D7566 speci�cation of a Jet fuel. However, it is also important to ensure that
these additives do not offer signi�cant trade-offs when it comes to other critical fuel properties such as
density, viscosity, freezing point, �ash point and heat content which may lead to catastrophic
consequences.

3.2. Density trend of the fuel samples
Density pro�les of all the fuel samples are highlighted in Fig. 5a and 5b. The density tests results
revealed that all the tested fuel samples failed to meet the ASTM D7566 speci�cation, which is speci�ed
as a minimum of 775 g/cm3. As discussed in the Sect. 3.1, a very small concentration of linoleic acid
was su�cient to improve the SPK fuel lubricity; however, there is no observable variation in the density
pro�les of the linoleic acid fuel samples. Linoleic acid has a higher density value of (900 g/L) compared
to the extracted SPK. Nevertheless, a very small concentration of it as an additive in the fuel was not
su�cient to cause any apparent increase in the density of the sample.

WSD = a − b ∗ C
d

a = −427.2 c = 0.904 d = additiveconcentration
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The model predicts a negligible change in the density value for the linoleic acid samples which is the
same trend found in the experimental result as shown in Fig. 5a. This could be attributed for the same
reason: the small contractions of linoleic acid added were not su�cient to cause an increase in density of
the sample.

Density predictions for ethyl oleate and quinolone samples correspond well with experimental results.
The differences between the model prediction and measured densities do not exceed 2%. However, there
is a subtle difference in the density trend predicted by the model compared to the trend obtained in the
experiments, which warrants �ne tuning of the model parameters.

By extrapolating the density trend for quinolone sample, we estimate that a concentration beyond
25 vol% will meet the ASTM speci�cation for density and lubricity. Similarly, ethyl oleate will require a
much higher concentration to meet the ASTM speci�cation for density and lubricity.

3.3. Freezing point trend of the fuel
The freezing point is one of the most crucial properties of jet fuel, which ensures the proper operation of
the fuel system at an elevated altitude and thus has severe implications when it comes to the safe
operation of the aircraft. It is important to note that any additive used to boost a particular property of the
fuel should not negatively affect the freezing point. The ASTM-D7566 speci�cation for maximum
freezing point is -40 °C for jet fuels. Mixing linoleic acid with SPK has no signi�cant effect on the freezing
point of the SPK samples, as shown in Fig. 6a. This was further con�rmed in the modelling part. The
linear mixing rule was used to estimate the freezing point, since the concentration of the added linoleic
acid was small. Figure 6a illustrates that model predictions and experimental results are within the
margin of error for the device.

Quinoline and ethyl oleate, on the other hand, resulted in a sample failing to meet ASTM D7566
speci�cation for freezing point at concentrations beyond 2.5 vol%, as illustrated in Fig. 6b.

The model predictions for freezing point at a lower additive concentration below 2.5 vol% agrees well with
experimental value, as seen in Fig. 6b. At concentrations beyond 2.5% of the sample volume, model
predictions deviated signi�cantly. Both quinolone and ethyl oleate have higher melting points of -15 °C
and − 32 °C than the extracted SPK, respectively. The comparison shows that a correction term for the
higher concentration needs to be added to the linear mixing rule as at higher concentrations, the effect of
composition on the freezing point is non-ideal. Therefore, dissolution is expected below their melting
points. As the concentration is increased beyond 2.5 vol%, there is a probable dissolution of the additives
in the fuel sample resulting in a non-homogeneous mixture when the temperature is below subzero
conditions [7]. On the other hand, the freezing point model used in this study does not account for the
solubility characteristics of the additive in the fuel, which is more pronounced when the temperature
drops to subzero levels, thus explaining the deviation between the model predictions and experimental
data.

3.4. Flash point trends of fuel samples
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The �ash point of the extracted SPK fuel was measured to be 52 oC which is well above the minimum
required limit by ASTM D1655 and D7566 of 38 oC. Figures 7a and 7bshow that all the tested samples
have �ash points in the range of 51oC to 54.5oC. No clear relationship between the additive concentration
and the �ash point could be established; especially given that the variation in the temperature for each
additive was small and fairly insigni�cant. This result is in agreement with a previous study by Elmalik et
al. [5].

Utilizing the linear mixing rule for estimating the �ash point for linoleic acid samples, it can be in Fig. 7a
how small is the variation between the mathematical and experimental data; the small difference is due
to the margin of error of the Pensky-Martens SETA PM-93 device. The model predicted a linear trend for
the �ash point of the tested fuel samples. In the case of ethyl oleate and quinoline samples, the
mathematical model used to predict the �ash points used a group contribution method reported by
Kalakul et al. [31]. Later Choudhury et al. [17] successfully reported a �ash point prediction method of
surrogate diesel using the same model with a maximum error of 28.34%. This study reports the
maximum error in the model prediction for �ash point to be ~ 15%, which could due to the assumption of
the activity coe�cient to be unity. Therefore, an improvement in the model predictions could be achieved
by considering the activity coe�cient of each of the constituent components in the fuel sample.

3.5. Viscosity trends of fuel samples
The extracted SPK has a viscosity of 6.40845 cSt at -40 °C, which meets the ASTM D7566 speci�cation.
As per ASTM D7566 maximum viscosity at -40 °C is 12 cSt. None of the additives used in this study have
changed the viscosity of the samples under test to an unacceptable level of ASTM D7566 speci�cations.
The viscosity value of all the fuel samples are depicted in Figs. 8a and 8b. Adding linoleic acid to the
extracted SPK had no signi�cant effect on its viscosity as the difference between the viscosities of
extracted SPK and the additized fuel samples are small. The model predictions for the viscosity of the
linoleic acid samples are in excellent agreement with the data obtained in the laboratory as depicted in
Fig. 8a. As mentioned in Sect. 3.3, the linoleic acid is added in part parts million (ppm) to the SPK and the
subtle variation in the concentration is beyond the detection limit of the instrument used to measure the
viscosity value.

The effect of ethyl oleate on the viscosity value was the highest compared to both quinolone and linoleic
acid. However, the maximum concentration of the ethyl oleate used in this study (10 vol%) did not
increase the viscosity beyond its acceptable limits set by ASTM D7566. Therefore, all the tested fuel
samples met the industry standards, despite the fact that the additives did increase the viscosity
marginally. Model predictions of viscosity for quionoline and ethyl oleate are in good agreement with the
experimental results as depicted in the Fig. 8b.

3.6. Net heat content trends of fuel samples
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The extracted SPK fuel meets the target for net heat content as speci�ed in ASTM D7566 (min. of
42.8 MJ/kg). All the tested samples were found to have a lower heat content than the extracted SPK fuel.
Figure 9 depicts the net heat pro�les for ethyl oleate and quinoline samples. The decrease in the net heat
content of the fuel was more noticeable with the increase in their concentration in the fuel samples. It can
be observed that the heat contents follow a linear correlation with the additive concentration, which is in
agreement with previous studies in literature [16–17].

The model predicted net heat content values are compared with the experimental data and are shown in
Fig. 9. It is clear from Fig. 9 that the model predictions are in good agreement with the experimental data.

It is expected that the addition of the ethyl oleate and quinoline to the SPK would result in an increase in
the delay time of the fuel, since both are considered highly stable compounds; especially quinoline with
its stable rings. On top of that, their addition to the SPK increases its viscosity, therefore the SPK would
have larger droplets when injected into the engine. It is worth noting that the H/C ratio of ethyl oleate and
quinoline samples are lower than those of the SPK as depicted Fig. 10. Therefore, these fuel samples will
tend to form more coke as a result of cracking reactions at elevated temperatures.

3.7. Optimization Results
The MINLP optimization model predicted that the optimal mixture which would satisfy ASTM D7655
speci�cation is the SPK-ethyl oleate sample with 5.6 vol% of ethyl oleate as given in Table 9. The model
predicted an optimum fuel sample that closely resembles an FCL009 composition, which is a sample of
extracted SPK and ethyl oleate. The physicochemical properties, which have been predicted for the
optimum sample, are in good agreement with the properties of the FCL009 fuel sample which has the
best lubricity characteristics among all other tested fuels. The Optimization model developed in this study
demonstrated a promising potential for future studies in designing future new generation ultra-clean
fuels.
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Table 9
Optimization results of the MINLP model

Properties Optimization Model Lab testing data

(FCL009)

Additives Ethyl oleate Ethyl oleate

Fuel SPK Extracted SPK

Concentration (Vol%) 5.6 5

Lubricity (µm) 493.48 417

Density (g/cm3) 0.749 0.75

Freezing point (℃) -42.2 -38.9

Flash point (℃) 58.8 53.5

Viscosity (cSt) 7.3 7.06

Gross Heat Content (MJ/kg) 44.02 43.78

4. Conclusions
In this study three lubricity additives such as ethyl oleate, linoleic acid and quinoline were tested in the
laboratory and the results revealed that all these additives improve the lubricity of the SPK fuel. An
exponential correlation between additive concentration and the lubricity of the fuel was observed for the
tested samples. The aromatic additive quinoline was found to have pronounced effect on decreasing the
H/C of the fuel compared to an aliphatic one. A lower H/C value of the fuel will tend to have lower net
heat value and a higher coke formation tendency leading to clogging of the fuel system. Thus, the
aromatic additive should not be utilized for improving aviation fuels lubricity.

The linear mixing rule was utilized to predict the physicochemical properties of the fuel samples. In the
modeling analysis, the lubricity data was added successfully to the model architecture to improve the
model predictions for the physicochemical properties of the fuel. However, the model prediction of
lubricity at lower additive concentrations were not very precise. Also, model prediction for the fuel sample
without any additive was also showing a signi�cant deviation. Therefore, studies focused on developing
a model for predicting lubricity speci�c to jet fuel needs to be conducted in future.

The models for the predictions for viscosity, density and heat content agrees well with the experimental
data. However, freezing point and �ash point models require �ne tuning by introducing new parameters to
account for the non-ideality.

Finally, the computational modeling results agree with the experimental results corroborating MINLP to be
a credible tool to optimize SPK fuel samples.
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As a follow-up of this study, we recommend an experimental protocol to improve the density of the fuel
by conducting a separate study. The goal of such a study would be to �nd suitable additives or blending
components that can improve the density of the SKP fuel. This would help realizing the use of pure SPK
fuels directly into commercial jet engines.

Abbreviation
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SPK Synthetic para�nic kerosene

ASTM American society for testing and materials

GHG Greenhouse gas

GTL Gas to liquid

GC-MS Gas chromatography–mass spectrometry

BOCLE Ball -on-cylinder lubricity evaluator

MINLP Mixed integer nonlinear programming

GAMS General algebraic modeling system

HFRR High frequency reciprocating rig

(H/C) Hydrogen to carbon ratio

Nomenclature

ρ Density

Hi Number of hydrogen atoms in the compound i

Ci Number of hydrogen atoms in the compound i

MWi Molecular weight of component i

MWmix Molecular weight of the fuel mixture

µ Viscosity

Tm Freezing point

Tf Flash Point

Qn Heat content

λi Lubricity of component i

µi kinematics viscosity of component i

Ni Nitrogen content

Cyci Cyclopara�ns content of the compound i in the
fuel

λm lubricity of a mixture

WSD Wear scar diameter

d Additive concentration
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Figure 1

BOCLE test cell [26]

Figure 2

The weight percentage of each carbon number in the SPK fuel cut
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Figure 3

Distillation curve for the extracted SPK fuel

Figure 4

Comparing the experimental and predicted lubricity results of linoleic acid [28]
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Figure 5

Comparing the experimental and predicted lubricity results for quinoline and ethyl oleate samples [28]

Figure 6

Comparing the experimental and predicted density results of linoleic acid samples [17]
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Figure 7

Comparing the experimental and predicted density results of quinoline and ethyl oleate samples [17]

Figure 8

Comparing the experimental and computational freezing point of linoleic acid samples
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Figure 9

Comparing the experimental and computational freezing point results of ethyl oleate and quinoline
samples

Figure 10

Comparing the experimental and computational �ash point results of linoleic acid samples
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Figure 11

Comparison of the experimental and computational �ash point results of ethyl Oleate and quinoline
samples

Figure 12

Comparing the experimental and computational viscosity at -40 C results of linoleic acid samples [16]
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Figure 13

Comparing the experimental and model predicted viscosities for ethyl oleate and quinolone samples [16]

Figure 14

Comparing the experimental vs. computational net heat content results of ethyl oleate and quinoline
samples [17]
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Figure 15

Fuel H/C variation with increasing additive concentration


