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Abstract

Synthetic paraffinic 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
deficiencies. 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 specifications have been studied
further. The effect of the additives on the physicochemical properties, such as, density, flash 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
insignificant. Ethyl oleate also demonstrated significant 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.
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Introduction
The aviation industry is expanding with an annual
growth rate of ~ 6.2% over the last 5 years [1]. The pro-
jected annual growth for the next 30 years for passenger
traffic and airline fleets is expected to be 4.7 and 3.5%,
respectively [1]. Therefore, the consumption of aviation
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fuel will be doubled in 2040 compared to the consump-
tion in 2015 [2]. Currently, CO2 emissions from the avi-
ation 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 significant negative impact on the air-
port’s neighbourhood environment [4]. The rapid
growth of the aviation industry and the stringent
le is licensed under a Creative Commons Attribution 4.0 International License,
ution and reproduction in any medium or format, as long as you give
the source, provide a link to the Creative Commons licence, and indicate if

d party material in this article are included in the article's Creative Commons
line to the material. If material is not included in the article's Creative Commons
d by statutory regulation or exceeds the permitted use, you will need to obtain
. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
tion waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
rwise stated in a credit line to the data.

http://crossmark.crossref.org/dialog/?doi=10.1186/s42480-020-00032-2&domain=pdf
http://orcid.org/0000-0002-1696-3560
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:nelabshir@tamu.edu


Ababneh et al. BMC Chemical Engineering             (2020) 2:9 Page 2 of 16
environmental regulations, in addition to the increase of
fuel prices, have encouraged the industry to explore al-
ternative jet fuels for turbine jet engines. Many inter-
national airlines have already started using blends of
conventional jet fuel and synthetic jet fuel to compen-
sate 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 paraffinic kerosene (SPK)
derived from the GTL process has been previously suc-
cessfully blended with Jet A1 for use in the aviation in-
dustry [5].
Conventional jet fuel Jet A1 is the typical aviation fuel

sourced from fossil fuel, it is a mixture of different hy-
drocarbons usually in the range C8 to C16 [6], these hy-
drocarbons are categorized into four groups: paraffins,
cycloparaffins, olefins and aromatics in addition to small
amounts of hydrocarbons that contain sulphur, nitrogen
and oxygen [6]. The main difference between SPK and
conventional jet fuel is that SPK does not contain aro-
matics and sulphur compounds and mainly consists of
paraffinic hydrocarbons [5]. Paraffinic hydrocarbons
have higher energy content when compared to other
building blocks. Therefore, SPK fuel has a higher specific
energy content than Jet A-1 [5]. On the other hand,
since SPK is lacking sulphur, nitrogen, and oxygen com-
pounds, 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 re-
duce 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 con-
tinuous film that helps in minimizing the effect of fric-
tion on the metallic parts. On the other hand, films
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 re-
sulted 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 applica-
tion. 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 re-
ported 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 caus-
ing excessive wear to the engine components [10, 11].
Lubricity additives are polar and active surface com-

pounds 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 film layer over the metal surface to
protect it from friction and wear and tear [12]. The fam-
ily of lubricity improvers includes carboxylic acids, am-
ides, 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 and 750
ppm is sufficient 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 com-
pounds 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 excel-
lent lubricity improver for diesel fuel even at concentra-
tions 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].
Several studies in past reported the lubricity of a fuel,

types of additives that enhances the lubricity of the fuels,
and techniques to measure lubricity of the diesel fuel ex-
cept a few that reported the effect of these additives on
jet fuels lubricity. Additionally, these studies focused
only on the lubricity of the fuel while disregarding the
other important physicochemical properties of the fuel
that needs attention as well [9, 13, 14]. Currently, there
are numerous published articles that aimed at building a
mathematical model which can predict the physico-
chemical properties of a fuel blend.
Computer-aided technique is a relatively modern ap-

proach toward chemical product design. It include
formulating the problem as an optimization model, in
which the chemical structure, property prediction
models, and process model equations are the con-
straints. By solving this model, the optimum product
can be found [15]. For example, Conte et al. [16] imple-
mented a computer-aided methodology for the design
and verification of liquid products. In a different study,
Cignitti et al. [17] proposed a framework for the design
of pure and mixed chemical-based products using a
computer-aided software. While, Jonuzaj et al. [18] for-
mulated and solved Mixed Integer Non-Linear Program-
ming (MINLP) problems to design solvent mixture.
Choudhry et al. [19] has reported experimentally verified
gasoline fuel surrogate design using a computer aided
model-based technique MINLP. In a different study
Choudhury et al. [20] have used the computer aided
modelling tool to screen additive quickly and later ex-
perimentally validated the predictive ability of the
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computer model. The chemical properties and property
models were called to solve the problem by producing a
number of suitable candidates, which in their turn were
calculated by a rigorous model and verified by experi-
mental tests. They developed optimized surrogates
which imitate the characteristics of GTL diesel and con-
ventional diesel blends in accordance to ASTM D975
standards. Although there are voluminous literature
available on predictive model development for designing
fuel blends, no attempts were made to include the im-
pact of the lubricity additives on the fuels physicochemi-
cal property to the best of our knowledge. In our earlier
publications we have successfully developed a computer
based model which can predict the physicochemical
properties of the fuel and fuel blends [19, 20]. Advancing
the model to incorporate a comprehensive view on the
effect of the lubricity additives on all critical properties
allows the flexibility to explore different blend composi-
tions without the need of physical formulation in the la-
boratory. Consequently, such a model decreases the
effort and cost of preparation and purchase of the
needed chemicals and equipment.
This study therefore aimed at addressing the lubricity

challenge of SPK fuel while determining the trade-offs of
these additives on the critical properties of the fuel.
Additionally, improving the competences of an already
developed model [19–21], that has been used to predict
the fuel’s lubricity as well as other properties is reported
in this study.

Methods
This study was conducted in two stages. The first stage
was to experimentally test the critical physicochemical
properties of the fuels. The second stage was to forward
samples compositions and properties to the
Table 1 Selected key properties from ATM D7566 standard [7]

Analyzed Property ASTM Method U

Density D4052 g

Viscosity at −40 °C D445 c

Flash Point D93 o

Freezing Point D5972 o

Net Heat of Combustion D240 M

Lubricity D5001 m

Distillation D86

10% recovered, Temperature o

50% recovered, Temperature o

90% recovered, Temperature o

Final boiling point, Temperature o

Distillation residue %

Distillation loss %
mathematical modelling team at Dalian Technical Uni-
versity, where they utilized a previously developed math-
ematical modelling tool to predict the physicochemical
properties of the fuel [19, 20]. 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.

Experimental campaign
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 physico-
chemical properties, fifteen fuel samples were prepared.
Pure SPK fuel cut without any additive was not readily
available in the market. Therefore, a total of 20 l 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 specification, various physico-
chemical characterization tests were conducted as listed
in Table 1. Samples of SPK and lubricity improvers (ad-
ditives) 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.
GTL diesel was fractionated by utilizing the Spinning

Band Distillation System made by B/R Instrument –
USA. The operating conditions of the distillation column
are given in Table 3.
Each diesel batch was added to the heating pot at the

bottom of the fractionation column since the heating
nit Minimum Limit Maximum Limit

/cm3 0.775 0.840

St – 12.00

C 38.0 –

C – −40.0

J/kg 42.8 –

m – 0.85

C – 205

C – Report

C – Report

C – 300

– 1.5

– 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
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pot maximum capacity was 1 l only. Each batch was 800
ml. The fractionation process was started under the op-
erating conditions given in Table 3. The column system
was set to produce two cuts, the first 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. From every GTL diesel batch about
310 ml of SPK fuel were collected which is approx. 38%
of the batch volume. Table 4 summarizes the fraction-
ation process parameters.
The extracted SPK cuts from different batches were

collected separately and tested to confirm 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 l and the composition of
the extracted SPK was determined using a gas chroma-
tography–mass spectrometry (GC-MS) analyser.
Based on the literature review [10, 14, 22], three lubri-

city additives were selected for testing as summarized in
Table 5.
A total of 15 SPK-additive samples were prepared, and

their composition, concentration, and names are listed
in Table 6.
Yue et al. [23] studied the influence of jet fuel’s hydro-

gen/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 of H/C
is inversely proportional to the total content of aro-
matics 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 [24]. Thus, it is important to study the perfor-
mances of fuel at high temperatures and how it is
Table 3 Operating conditions for the fractionation column

Operating condition Value

Initial and final boiling points 140–240 °C

Operating pressure 20 mmHg

Condenser Temperature 20 °C

Reflux Ratio 2
affected by the thermal cracking process and the forma-
tion of solid deposits such as coke [24].
Coke deposits on the surface of fuel system compo-

nents 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 [25, 26]. Yue et al. [23] reported that coke de-
posits decrease with the increase of H/C.
The H/C ratio for the extracted SPK fuel was calcu-

lated using Eq. (2.1) [27]:

H=C ¼ ΣxiHi=ΣxiCi ð2:1Þ

Where xi is the mole fraction of the component, and
Hi is the number of hydrogen atoms in the compound.
(Eq. 2.1) is valid for density range of 0.7–0.827 g/cm3.
To find the molecular weight of the fuel, Eq. 2.2 was
used [27].

MWmix ¼ xiMWi ð2:2Þ

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 lu-
bricity of the fuel by immersing half of a ring in 50ml of
the fuel sample. After fixing the temperature and humid-
ity of the sample, a small metallic ball is lowered down
to apply a pressure on the rotating ring, after 30 min 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
[28]. Figure 1 illustrates the BOCLE test cell [29].
Table 4 Fractionation batch parameters

Parameter Value

Initial GTL Diesel volume per batch 800 ml

Fractionation time per batch 3.5 h

Extracted SPK volume per batch 305 ml

Losses volume per batch < 5ml

Fuel Recovery percentage 38%



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]
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Mathematical Modelling
Yunus et al. [21] 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 meth-
odology. This methodology has been adopted by
Choudhury et al. [20, 21] to design fuel surrogates for
GTL diesel. In this study, the method reported by Yunus
et al. [21] was used to estimate the lubricity of the fuel
that meets the ASTM specifications. The first step was
to define the problem: identify the product needs and
translate them into physicochemical properties with tar-
get values that need to be matched. Here, the constraint
for the new formulated SPK fuel samples was to meet
the industry specifications for lubricity while meeting
the standards for the other critical properties such as
density (ρ), viscosity (μ), freezing point (Tm) flash point
(Tf), and heat content (Qn). The second step was to for-
mulate 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 con-
tent in the SPK fuel. The pure compound physicochemi-
cal properties have been obtained from databases, and
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 – –
any missing data were calculated using group contribu-
tion methods. For each sample, the selected additives
and their compositions are fixed. 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 capabil-
ity. Finally, a comparison between the experimental and
the model predicted data was made in order to verify
the results of the model. That was achieved using a
chemical product design software called ProCAPD.
ProCAPD includes the data, models, methods and tools
necessary to design a wide range of chemical products
such as fuel blends in a fast, efficient, and reliable
manner [30].
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. (2.3) [31].

λi ¼ 657:658 − 39:097μ − 0:361N þ 3:175Cyc ð2:3Þ

Where λi is the lubricity, μi is the kinematics viscosity,
Ni is nitrogen content, Cyci is the cycloparaffins content
of the compound in the fuel.
The lubricity of a mixture was calculated using

Eq. (2.4).

log λmð Þ ¼
X

i

xi log λið Þ ð2:4Þ
Fig. 1 BOCLE test cell [29]



Fig. 2 The weight percentage of each carbon number in the SPK
fuel cut

Table 8 Test results for key properties of SPK fuel cut

Tested Property ASTM Method Unit SPK

Density D4052 g/cm3 0.7442
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Where λm is the lubricity of the mixture, xi is the
mole fraction of compound i, λi is the lubricity of
compound i.

Optimization model for the Design of Tailor-made Fuels
A MINLP optimization model was established to obtain
the optimal fuel mixture. The property constraints were
collected in Table 7. MINLP has proven to be a most
general tool for modeling of non-linear problems with
continues and discrete variables and has applications in
a wide range of fields such as chemical engineering, fi-
nance, and manufacturing. MINLP combines the com-
binational difficulty of optimizing over discrete variable
while handling challenges associated with non-linear
functions. Thus MINLP has becomes the most general
modelling criterion in optimization and includes both
non-linear programing (NLP) and mixed integer linear
programming (MILP) as sub problems [32].. The MINLP
problem was solved using GAMS (General Algebraic
Modeling System), SBB solver. More details on the
optimization tool can be found in references [15, 20, 30].

Results and discussion
The extracted SPK sample was analyzed by GC-MS and
31 components were identified. 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 identified iso- and
normal-paraffinic compounds according to their carbon
number. About 10% by weight of the components of the
SPK cut could not be identified.
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 specification and the wear scar diameter is higher
than the maximum allowed value. On the other hand,
the flash point, viscosity, freezing point, and heat con-
tent are all within the limits of the industry
specifications.
The high percentage of normal paraffins (Fig. 2) ex-

plains the low density of the fuel cut and its high heat
content. Normal paraffins (n-paraffins) have lower dens-
ities and a higher heat content when compared to
branched paraffins with the same carbon number [5].
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 +∞
Additionally, the higher paraffinic content of the ex-
tracted 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-paraffinic content tend to

have low ignition delay time compared to fuels with high
content of iso-paraffins and aromatics [33]. In addition
to fuel composition, the fuel’s volatility has a significant
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 distil-
lation curve of the extracted SPK fuel is illustrated in
Fig. 3, which shows initial and final boiling points of
163 °C and 241 °C, respectively. The curve satisfies the
industry standards as the first 10% of volume was recov-
ered at a temperature lower than 205 °C. Distillation
residue and distillation losses were 1.4 and 1.3%, respect-
ively, both within the acceptable limits specified in
ASTM D7566.
Since the extracted SPK fuel has high content of n-

paraffinic compounds and no aromatics, it is expected to
have low delay times and preferable combustion behav-
ior, especially when considering the initial boiling point
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



Fig. 3 Distillation curve for the extracted SPK fuel
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of the fuel. Since aromatics and naphthenes form cokes
more easily than paraffins during the cracking reaction
[23], it is expected that the extracted SPK used in this
study would have a lower tendency to form coke de-
posits 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.

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
specification of a jet fuel, i.e., 850 μm. Upon addition of
linoleic acid as an additive in the extracted SPK, a sig-
nificant 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 concentra-
tion of linoleic acid used in this study was sufficient 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-
fication of lubricity compared to 0.5–10 (vol%) of quin-
olone and ethyl oleate. Referring to Fig. 4b, it is clear
that the performance of ethyl oleate as a lubricity im-
prover is superior to its quinoline counterpart at the
same 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.

WSD ¼ a − b�Cd ð3:1Þ
Where α ¼ 459:82;¼ − 427:2 ; c ¼ 0:904 and d

¼ additive concentration

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 experi-
mental results for the linoleic acid samples. However,
the model fails to predict the lubricity value of the ex-
tracted SPK fuel which has no additives. The variation in
the model prediction was about 33% from the experi-
mental result for the extracted SPK. This could be at-
tributed 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 ex-
perimental data as given in Fig. 4b. However, a notice-
able deviation in the model predictions was observed
when the additive concentrations were varied between 2
and 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 per-
formed 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 specification of a Jet fuel.
However, it is also important to ensure that these addi-
tives do not offer significant trade-offs when it comes to
other critical fuel properties such as density, viscosity,
freezing point, flash point and heat content which may
lead to catastrophic consequences.

Density trend of the fuel samples
Density profiles of all the fuel samples are highlighted in
Fig. 5a and b. The density tests results revealed that all
the tested fuel samples failed to meet the ASTM D7566
specification, which is specified as a minimum of 775 g/
cm3. As discussed in the previous section, a very small
concentration of linoleic acid was sufficient to improve
the SPK fuel lubricity; however, there is no observable
variation in the density profiles of the linoleic acid fuel
samples. Linoleic acid has a higher density value of



Fig. 4 a Comparing the experimental and predicted lubricity results of linoleic acid [31]. b Comparing the experimental and predicted lubricity
results for quinoline and ethyl oleate samples [31]
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(900 g/L) compared to the extracted SPK. Neverthe-
less, a very small concentration of it as an additive in
the fuel was not sufficient to cause any apparent in-
crease in the density of the sample.
The model predicts a negligible change in the dens-

ity 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 rea-
son: the small contractions of linoleic acid added
were not sufficient 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 fine tuning of the model parameters.
By extrapolating the density trend for quinolone sam-

ple, we estimate that a concentration beyond 25 vol%
will meet the ASTM specification for density and lubri-
city. Similarly, ethyl oleate will require a much higher



Fig. 5 a Comparing the experimental and predicted density results of linoleic acid samples [21]. b Comparing the experimental and predicted
density results of quinoline and ethyl oleate samples [21]
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concentration to meet the ASTM specification for dens-
ity and lubricity.

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
specification for maximum freezing point is − 40 °C for
jet fuels. Mixing linoleic acid with SPK has no significant
effect on the freezing point of the SPK samples, as
shown in Fig. 6a. This was further confirmed in the
modelling part. The linear mixing rule was used to esti-
mate 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 specification
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



Fig. 6 a Comparing the experimental and computational freezing point of linoleic acid samples. b Comparing the experimental and
computational freezing point results of ethyl oleate and quinoline samples
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experimental value, as seen in Fig. 6b. At concentrations
beyond 2.5% of the sample volume, model predictions
deviated significantly. 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 in-
creased 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 sub-
zero levels, thus explaining the deviation between the
model predictions and experimental data.

Flash point trends of fuel samples
The flash point of the extracted SPK fuel was measured
to be 52 °C which is well above the minimum required
limit by ASTM D1655 and D7566 of 38 °C. Figures 7a



Fig. 7 a Comparing the experimental and computational flash point results of linoleic acid samples. b Comparison of the experimental and
computational flash point results of ethyl Oleate and quinoline samples
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and b show that all the tested samples have flash points
in the range of 51 °C to 54.5 °C. No clear relationship be-
tween the additive concentration and the flash point
could be established; especially given that the variation
in the temperature for each additive was small and fairly
insignificant. This result is in agreement with a previous
study by Elmalik et al. [5].
Utilizing the linear mixing rule for estimating the flash

point for linoleic acid samples, it can be noticed 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 de-
vice. The model predicted a linear trend for the flash
point of the tested fuel samples. In the case of ethyl ole-
ate and quinoline samples, the mathematical model used
to predict the flash points used a group contribution
method reported by Kalakul et al. [30]. Later Choudhury
et al. [20] successfully reported a flash point prediction
method of surrogate diesel using the same model with a
maximum error of 28.34%. This study reports the max-
imum error in the model prediction for flash point to be
~ 15%, which could due to the assumption of the activity
coefficient to be unity. Therefore, an improvement in
the model predictions could be achieved by considering
the activity coefficient of each of the constituent compo-
nents in the fuel sample.
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Viscosity trends of fuel samples
The extracted SPK has a viscosity of 6.40845 cSt at −
40 °C, which meets the ASTM D7566 specification. As
per ASTM D7566 maximum viscosity at − 40 °C is 12
cSt. None of the additives used in this study have chan-
ged the viscosity of the samples under test to an un-
acceptable level of ASTM D7566 specifications. The
viscosity value of all the fuel samples are depicted in
Fig. 8a and b. Adding linoleic acid to the extracted SPK
had no significant effect on its viscosity as the difference
between the viscosities of extracted SPK and the addi-
tized fuel samples are small. The model predictions for
the viscosity of the linoleic acid samples are in excellent
Fig. 8 a Comparing the experimental and computational viscosity at − 40
and model predicted viscosities for ethyl oleate and quinolone samples [20
agreement with the data obtained in the laboratory as
depicted in Fig. 8a. As mentioned in the freezing point
tend of the fuel, 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 instru-
ment 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 in-
dustry standards, despite the fact that the additives did
°C results of linoleic acid samples [20]. b Comparing the experimental
]



Ababneh et al. BMC Chemical Engineering             (2020) 2:9 Page 13 of 16
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.
Net heat content trends of fuel samples
The extracted SPK fuel meets the target for net heat
content as specified 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 de-
picts the net heat profiles for ethyl oleate and quinoline
samples. The decrease in the net heat content of the fuel
was more noticeable with the increase in their concen-
tration in the fuel samples. It can be observed that the
heat contents follow a linear correlation with the addi-
tive concentration, which is in agreement with previous
studies in literature [20, 21].
The model predicted net heat content values are com-

pared 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 drop-
lets 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
Fig. 9 Comparing the experimental vs. computational net heat content res
coke as a result of cracking reactions at elevated
temperatures.

Optimization results
The MINLP optimization model predicted that the opti-
mal mixture which would satisfy ASTM D7655 specifi-
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 po-
tential for future studies in designing future new gen-
eration ultra-clean fuels.

Conclusions
In this study three lubricity additives ethyl oleate, lino-
leic 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 be-
tween additive concentration and the lubricity of the fuel
was observed for the tested samples. Linoleic acid was
found to have a profound impact of the SPK fuel lubri-
city even at concentrations as low as 10 ppm, while the
two other additives required higher doses to achieve the
same results. The freezing point of the fuel containing
more than 2.5 vol% of ethyl oleate and quinoline failed
to meet the ASTM D7655 specification despite meeting
ults of ethyl oleate and quinoline samples [21]



Fig. 10 Fuel H/C variation with increasing additive concentration
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the lubricity characteristics of the fuel. Higher concen-
tration of the ethyl oleate beyond 2.5% should be
avoided in SPK as it poses the risk of producing a fuel
mixture that freezes at higher altitude where external
temperature may drop below −38 °C. The aromatic addi-
tive 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 ten-
dency leading to clogging of the fuel system. Thus, the
aromatic additive should not be utilized for improving
aviation fuels lubricity. In the modeling analysis, the lu-
bricity data was added successfully to the model archi-
tecture to improve the model predictions for the
physicochemical properties of the fuel. However, the
model prediction of lubricity at lower additive
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 (°C) −42.2 −38.9

Flash point (°C) 58.8 53.5

Viscosity (cSt) 7.3 7.06

Gross Heat Content (MJ/kg) 44.02 43.78
concentrations were not very precise. Also, model pre-
diction for the fuel sample without any additive was also
showing a significant deviation. Therefore, studies fo-
cused on developing a model for predicting lubricity
specific 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 flash point models require
fine 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.
As a follow-up of this study, we recommend an experi-

mental protocol to improve the density of the fuel by
conducting a separate study. The goal of such a study
would be to find suitable additives or blending compo-
nents that can improve the density of the SKP fuel. This
would help realizing the use of pure SPK fuels directly
into commercial jet engines.

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
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μi kinematics viscosity of component i
Ni Nitrogen content
Cyci Cycloparaffins content of the compound i in the fuel
λm lubricity of a mixture
WSD Wear scar diameter
d Additive concentration
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