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Abstract

Water droplet size variation has been established in the literature as an important variable that
influences the behavior and characteristics of water in fuel emulsion. However, with the growing
demand for sustainable aviation fuels (SAF), no data is available that shows how these fuels will
affect the size of dispersed water droplets and their frequency distribution. To address this lack of
knowledge, this study explores and presents experimental results on the characterization of dispersed
water droplets in alternative fuels and Jet A-1 fuel under dynamic conditions. The alternative fuels
comprised of two fully synthetic fuels, two fuels synthesized from bio-derived materials, and one
bio-derived fuel. The data and statistics presented reveal that water droplet frequency and size
distribution are sensitive to changes in fuel composition. Observations showed an evident transition
of the droplet percentile over time in the cumulative frequency distribution; this could be attributed
to droplet coalescence to form larger droplets. Mean droplet diameters between 3 and 6 pm were
observed for all the fuels tested. With further analysis based on recommendations proposed in this
work, the data may assist in providing insight to filter manufacturers.

Value of Data/Highlights

¢ The dataset provides the aviation industry with insight into the behavior of dispersed water
droplets in various commercially available sustainable aviation fuels.

e The data and statistics presented reveal that water droplet size/count distribution can
be influenced by fuel composition.

e With further analysis based on recommendations proposed in this work, the standardization of
test specifications can be improved.

© 2022 Cranfield University. Published by SAE International. This Open Access article is published under the terms of the
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1. Introduction

ole dependency on petroleum-derived fuels poses an

increase in environmental concerns and price fluctua-

tions [1, 2]. Hence, the revolution of sustainable aviation
fuels (SAF) is featured to have the potential to decrease the
life cycle of greenhouse gas emissions [3, 4, 5, 6]. These sustain-
able fuels are derived from renewable sources or biomass and
can therefore reduce the contribution of greenhouse gas
(GHG) emissions to the global climate. Alternative jet fuels
could be adopted to reduce the impact of the aviation industry
on air quality [7, 8].

Although alternative fuels seem like a promising tech-
nology for the aviation industry, some alternative fuels
(oxygenated fuels) have high water solubility [9]. The alterna-
tive fuels available are low in sulfur and tend to be low in
aromatics [10, 11, 12, 13]. Previous work has established that
alow aromatics content may lead to a reduced water contami-
nation and elastomer (seal) shrinkage, while a low sulfur
content leads to lower lubricity of the fuel [13]. As a result,
most SAF can be used after being blended with a certain
percentage of conventionally refined jet fuel [6]. An under-
standing of the properties of sustainable fuels, along with the
chemical properties of existing fuel types, is required to
understand their impact on aircraft fuel systems.

Water uptake is one such property of interest as it is a
known problem within the aviation industry [14]. An upper
limit on the water content in conventional fuels is not
mandated in ASTM D1655, but the expectation is that the fuel
will be maintained in a clean condition and be relatively absent
of free water and solid particulates; a qualitative test for free
water is described in ASTM D4176 (the “Clear and Bright”
test) and ASTM D3420 describes a quantitative test for undis-
solved water in a flowing fuel stream. The specification for jet
fuels containing synthesized components is stricter on water
content and requires a maximum of 75 mg/kg of total water,
as assessed by Karl Fischer (KF) coulometry for ASTM D6304.

Water is said to be ubiquitous and has no calorific value.
Entrained water droplets in aircraft fuel systems may result
in ice formation at low temperatures, with the potential to
cause an interruption of fuel flow to engines. Water may enter
fuel tanks during normal flight operations like intake of moist
air during aircraft descent, refueling, and routine aircraft
maintenance. In jet fuel, water could exist as puddles at the
bottom of fuel tanks, suspended droplets, and in dissolved
form [14, 15]. Water is said to be dissolved when it exists in
amolecular form and is invisible to the human eye. Dissolved
water can gradually dissociate from fuel and become
suspended or dispersed as tiny droplets. Dispersed water can
exist in fuel when the total water content exceeds the solu-
bility limit of the fuel at a given temperature. Free water is
excess water that settles at the bottom of the fuel tank as a
separate layer because water is denser than fuel [16, 17, 18].
Traditionally, dispersed or free water can be detected by
looking to see if a fuel sample is clear and bright, and free
from a second phase [19, 20]. Operating conditions have to
be taken into consideration because the smallest possible size

the unaided human eye can resolve is between 30 and 40 pm
at ~200 mm from the eye. Droplets of the order of a few
microns can negatively affect fuel system performance
because they can freeze and accrete to form larger ice crystals,
which might impede flow through filters [17]. Work by Lam
et al. reported the initial sizes of suspended droplets (below
5 pm) form an emulsion with the fuel while droplets with
sizes greater than 13 pm could later settle out as free water
and collect at the bottom of the fuel tank or stagnation points
because of their higher density [21]. The work by Clark et al.
reported that free water droplets within fuel can have a
diameter within the range of 20-30 pm [22]. Free water or
dispersed water can be controlled by regularly draining it out
from the bottom of the tank after settling [15]. This activity
is referred to as “sumping” [13, 23]. Sumping is an operational
maintenance procedure that is practiced to date because of
the safety implications of free water in jet fuel. Yet there is
no reliable data that focuses on the quantification of dispersed
water droplet sizes in alternative aviation fuels (those that
conform to the requirements of ASTM D7566). The study
conducted by Clark et al. in 2011 quantified the droplet size
and dirt count distribution exclusively in Jet A-1 fuel [22].
Clark et al. conducted experiments at ambient temperature
using a process image analyzer; the result obtained identified
the maximum droplet sizes to be in the range of 20-30 pm
for fuel free of surfactants and below 10 pm in fuel containing
low levels of surfactants. Work sponsored by the European
Union Aviation Safety Agency (EASA) quantified droplet
measurement over a temperature range of 10°C to —44°C
using cold stage microscopy and a visual process analyzer
(ViPA) [22]. The water droplet count reported in this work
was shown to increase with a decrease in temperature while
the sizes detected were in the range of 2-5 pm [22].

The literature has identified water solubility, total water
content, size of water droplets, particulates, and temperature
to predominantly influence the process of ice formation/accre-
the effects of water solubility and temperature in sustainable
and conventionally refined jet fuels have been studied from
different angles, while research activities are still ongoing to
develop more efficient ways to tackle the issue of water
contamination in fuel. An extensive review by Goodarzi et al.
deduced that a fundamental variable that influences water
behavior and characteristics in fuel emulsion is the water
droplet size distribution (DSD) [30]. Visual particle counting
methods have been introduced in ASTM D7619-17 and ASTM
D8166-21a to improve the quantification of water contamina-
tion in fuel. However, the availability of data in this research
area is deficient. It has been postulated that continuous visual
particle analysis will help address safety concerns and increase
operational performance by improving classification (orga-
nizing generated data into relevant categories) [22, 31].
Additionally, continuous visual particle monitors may give a
better insight, especially to filter manufacturers, with respect
to separation processes. This work is aimed at establishing the
particle size and frequency distribution of dispersed water in
jet fuel by focusing on the following objectives:
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* To examine the frequency size variation and count of
dispersed water droplets in alternative aviation fuels
under dynamic conditions.

* To demonstrate the impact of water content and time on
the water droplet size and count distribution.

2. Experimental Method

2.1. Jet Fuel Characterization

The fuels were provided by Airbus for this work and were
representative of both conventional and alternative jet fuels
(to ASTM D7566) commercially available at the time these
tests were conducted. Conventional jet fuel is defined as fuel
refined principally from crude oil resources. In contrast,
alternative jet fuel is identified as any fuel produced from
unconventional sources. Unconventional sources include a
range of energy-carrying materials which can be reprocessed
either individually or in combination to yield aviation-grade
fuels. Such materials include a range of hydrogen-carbon-
containing materials such as biofuel, alcohols, hydrogen,
coal-derived liquid fuels, and natural gas. Fully synthetic
fuels are liquid fuels produced from coal, natural gas, or
organic feedstocks by a gasification process, followed by
Fischer-Tropsch synthesis and then conventional refining
processes. Sustainable aviation fuel (SAF) is a subset of alter-
native jet fuel and is regarded as a fuel produced from
organic feedstocks, which have absorbed carbon dioxide
during growth, such as purpose-grown crops, biomass,
algae, agricultural residue, or waste oils, e.g., used cooking
oil and fats. The use of SAF partly mitigates the issue of
global warming from aviation with a reduction in new
carbon emissions compared to conventional jet fuel.

The five alternative fuels supplied by Airbus were
representative of different feedstocks and processing routes
that can be used to create alternative fuels; a brief summary
of the fuels tested is given in Table 1. The alternative fuels
contain hydrocarbons which are similar to those found in
conventional jet fuels, but the range and distribution of
hydrocarbon types is limited, due to the different process

characteristics. Alternative fuels tend to be light in aromatics
and naphthenics, which means the fuels may struggle to meet
the minimum Jet A/Jet A-1 specifications for aromatics and
density. However, within limits, they can be blended with
conventional fuels to yield a product fit for aviation purposes.
Low aromatics content in the alternative fuels compared to
conventional Jet A-1 may lead to the expectation of lower water
solubilisation and hold-up characteristics. However, there is
a degree of interplay between the different hydrocarbon
species in fuels, including the effect of hydrocarbon chain
lengths, which makes water uptake in a particular fuel difficult
to predict with certainty.

Fully synthetic fuels are produced by a multi-stage
process. Firstly, the feedstock must be decomposed to yield
syngas, a mixture of carbon monoxide and hydrogen; solid
feedstocks like coal or biomass are gasified, whilst light hydro-
carbon gases need to be steam reformed. The second stage is
Fischer-Tropsch (FT) synthesis which involves reacting the
syngas mixture at an appropriate temperature and pressure
in the presence of a FT catalyst to create liquid hydrocarbons;
process conditions and hydrogen to carbon ratio affect the
output hydrocarbons. Finally, the product is hydroprocessed,
and refined in the usual way [36][37]. The SASOL fuel was
derived from coal and the FT process largely yields paraffinic
hydrocarbons, i.e., a mixture of n- and iso-alkanes; hence the
end product is known as synthetic paraffinic kerosene (SPK).
The Syntroleum fuel was derived from natural gas, so the
process is known as gas to liquid technology or GTL; like
SASOL, the process tends to yield mainly
paraffinic hydrocarbons.

Hydroprocessed esters and fatty acids (HEFA) is a fuel
derived from fatty or oily materials of vegetable or animal
origin. It is one of the most commercially viable alternative
jet fuels produced from renewable feedstocks. The precursor
molecules are triglycerides - three fatty acids of carbon chain
lengths between C8 and C24, linked together by a glycerol
backbone. Apart from pre-treatment, the main process step
is hydrotreatment to break the glycerol linkage, remove
oxygen and open residual double bonds. The fuel can then be
refined in the normal way. Like the previous two fuels, HEFA
tends to be composed of n-alkanes and iso-alkanes [38][39].

Alcohol-to-jet (AT]) fuels are viable alternative fuels that
are produced from ethanol or iso-butanol and processed by
dehydration, oligomerization, hydrogenation and

TABLE 1 Summary of the characteristics of fuels used for these tests.

Density at +15°C

Fuel type Category

Coryton Jet A-1 Conventional fuel 796.7
SASOL FT SPK Synthetic fuel 761
Syntroleum S-8 GTL Synthetic fuel 756*
Honeywell HEFA-SPK Synthetic bio-derived fuel 760
Gevo ATJ-SPK Synthetic bio-derived fuel 759
Total Amyris farnesane Bio-derived fuel 770

* At 15.6°C.

(kg m—3)

Viscosity at —20°C Aromatics content
(mm?2sT) (% v/v)

3.559 17.1

34 21

4.7 0.0

5.1 0.6

4.8 0.5

14.28 -

** Not specified, but approximately zero, since farnesane is a mono-constituent fuel.
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fractionation [40]. AT] produced from iso-butanol mainly
comprises of highly branched iso-alkanes of 8, 12, or 16
carbons [39]. The Gevo ATJ-SPK is produced from iso-butanol,
and consists mostly of 2,2,4,6,6-pentamethylheptane (C,,H,)
with a lesser amount of 2,2,4,4,6,8,8-heptamethylnonane
(C,¢Hsy); it does not contain significant aromatics, although
itis possible to modify the process route to include an aroma-
tisation step and create a fuel closer to the Jet A/Jet A-1
specification [38].

Unlike other SAF, farnesane (synthesized iso-paraffins
or SIP) is a mono-constituent hydrogenated sesquiterpene. It
is produced commercially by fermentation of sugarcane using
a genetically engineered yeast to yield farnesene, a branched
C15 iso-alkene with four double bonds [38][39]. Farnesene is
then hydroprocessed to break the double bonds and yield
farnesane; 2,6,10-trimethyldodecane. The resulting SIP fuel
could contain traces of olefins and other by-products [38].

1-hexanol from Sigma Aldrich was used as a baseline for
comparison with the above test cases.

2.2. Droplet Size Measurement
Using the Jorin ViPA

The ViPA system selected for this experiment was manufac-
tured by Jorin Ltd., Whetstone, Leicester, England. This unit
uses a video microscope that consists of a high-speed digital
video camera, a light source, and a lens. Images were analyzed
in an ongoing sequence from the video system at approxi-
mately 20 frames per second; periodic data collection was
specified. In this mode, images were collected and then written
to memory in brief bursts to monitor the size distribution
trend in real time. The flow through the cell was maintained
at a constant rate to ensure that droplets were not counted
more than once. The continuous data were accumulated for
1 hour and reported as counts per 39 s.

3. VIPA Data Analysis

The objective of this study was to characterize the effects of
water concentration and homogenization conditions on the
DSD, droplet count, frequency distribution, and estimated
volume in different fuels.

A set of user-defined parameters were entered into the
ViPA, enabling the system to discriminate between various
classes of particles (based on shape, size, and opacity). The
system can calculate data on several classes of measured
parameters, but in the present study, size, shape factor (SF),
visible water concentration, and volume were analyzed. For
the size parameter, the system measures particle diameter in
a specified direction between two parallel tangential lines and
reports it as the mean of the measured Feret diameter. For
each object, the ViPA measures four diameters, which are
known as Feret diameters, at fixed angular intervals. The
average droplet sizing for this work is defined as the summa-
tion of the diameter “d” of droplet size from “i” equals 0 to

oo (number of imaged particles) then divided by the summa-
tion of the total number of frames or total frequency of
occurrence (n).

The flow cell channel is approximately 6 mm wide x 2 mm
deep; at a volumetric flow rate of 20 mL/min, this gave a linear
flow of 27.8 mm/s. Images were captured at regular intervals
(20 frames per second) and sent to the computer for analysis.
The image captured by the system is 1024 x 778 pixels with a
pixel size of 0.47 pm. This equates to a field of view of 481 x
366 pm; the depth of field is 300 pm, which gives an assessed
fluid volume of 52.8 x 10° pm?. In practical terms, the VIPA
is able to detect particles up to 250 um across.

To determine if a particle is round (spherical water droplet
or gas bubble), a minimum of 3 adjacent dark pixels are
required in a 3 x 3 grid. When an object is smaller than 1.5
pm, the system cannot determine sphericity and the particle
is assumed to be a hard solid. The software interprets what is
a valid object and what is not using two parameters: “Edge
strength” and “Threshold”. The “Edge strength” is a measure
of the object being in focus; an object in focus will appear with
well-defined edges. “Threshold” defines the different tones
(256 gray levels) possible on the gray scale. This gives the
software the ability to differentiate between objects of interest,
which tend to obscure light and therefore appear darker gray,
and the background fuel, which appears pale gray. Water
droplets in jet fuel generally appear to be circular with a dark
perimeter and brighter center, while hard particulates tend to
be more angular and will appear to be uniformly dark.

The De Brouckere mean diameter was selected for this
work because the distribution calculated takes volume and
mass into account [35, 36]. The De Brouckere mean diameter
is the weighted volume average (WVA) of a particle size distri-
bution. The equation for the average droplet sizing D, , and
weighted-volume average D, , can be written as

o0
Z i:onid"

D=

o0
Zi:onf

 nd
12[4,3] = Zz;gnf 13
Zi:onidi

The key parameter that enables the system to discriminate
between objects is the SF. Mathematically, the shape factor
for any class of object is represented as SF = 4n Area/
Perimeter?. In principle, the SF is inversely proportional to
the perimeter; therefore, for a given area, an increase in the
perimeter decreases the SF. The system defines a spherical SF
to be within the range of 0.9-1 and a square as 0.75. The visible
water concentration in parts per million (ppm) is principally
analyzed based on the focal volume. Therefore, the concentra-
tion assumes that the volume of fluid passing through the flow
cellis sufficient that, for every frame captured, a fresh volume
of fluid is analyzed. Concentrations are not absolute but have
been proved to be statistically reliable. However, the visible
parts per million (Vppm) has been proved to be a representa-
tion of changes to measurements over time [31]. Finally, the

Eq. (1)

Eq. (2)
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estimated volume of water droplets is mathematically repre-
sented as the volume of a sphere (4/3n7°).

Results obtained for size distribution are presented in
histograms/distribution curves showing the frequency and
size distribution for a given set of test conditions. Another
way the DSD result was presented was by calculating the
kurtosis and skewness for all test cases. The kurtosis and
skewness provide more statistical evidence [37]. The equations
used for calculating skewness and kurtosis are given by

n

(n—1)(n-2)

Skewness (sk ) =

" (di-dY’
Z( s.d. j Eq. ()

i=1

Kurtosis ( k )

__ n(n+1) o (di-dY

_(n—l)(n—Z)(n—.’)) il( s.d. j

B Gy
(n—-2)(n-3)

Eq. (4)

where s.d. is the standard deviation and d the mean droplet
size diameter.

Kurtosis relates to the “tailedness” of the probability
distribution of a real-valued random variable’ and how the
data corresponds to the greater effect of outliers. For a standard
normal distribution, the value of kurtosis is 3. Statistically,
the skewness measures the lack of symmetry of a dataset. The
skew parameter tends to be negative mostly when a secondary
peak at a high diameter is present in the distribution (small
droplets colliding to form large droplets can lead to such
secondary peaks).

3.1. Preparation of Dispersed
Water in the Jet Fuel
Mixture

A volume of 100 mL of fuel was prepared in a 100 mL
measuring cylinder (approximately 32 mm diameter) to allow
areasonable height for the rate of water settling to be analyzed.
The emulsion was prepared by adding a measured amount of
distilled water (0.1% w/w of water) to the fuel at approximately
19°C and blending with an X 620 high shear mixer.

All water content measurements reported in this article
were conducted by KF coulometry using a Metrohm 831 KF
coulometer; this unit was fitted with a generator electrode
with diaphragm. The titration vessel was filled with Hydranal
Coulomat AG-H solution. It is noteworthy that, as received,
all fuels were below the maximum acceptable total water
content of 75 ppm (for fuels that comply with ASTM D7566)
before the water addition. Table 2 summarizes the fuel
mixtures prepared. The “Case a” tests examined the effects of
the fuel composition.

The image of the experimental setup is shown in Figure 1.
The fluid was sheared by a high-speed revolving impeller; the
shearing effect is proportional to the impeller speed. For these

© Cranfield University

TABLE 2 Summary of “Case a” test fuels. In each case, 0.1%
water addition was made; the water was dispersed with a high
shear mixer.

Fuel type/category
Conventional fuel
Synthetic fuel
Synthetic fuel

Synthetic
bioderived fuel

Synthetic
bioderived fuel

Fuel

Coryton Jet A-1
SASOL

GTL S-8

HEFA

Test cases
Case all
Case a.2
Case a.3
Case a4

Case a.5 ATJ

Case a.6 Farnesane Bio derived fuel

tests, the emulsion was homogenized for 60 s at a constant
speed of 11,000 RPM.

After the preparation of the emulsion, the “inlet” flow
line (blue flexible tube in Figure 2) was placed in the middle
of the measuring cylinder while the “outlet” flow line was
placed in an empty beaker. At this point, the peristaltic pump
was started to allow approximately 2 mL to flush through the
system to coat the inside of the flow line and eliminate any
air trapped in the system. Subsequently, software analysis was
started, and the open end of the “outlet” flow line was located
at the bottom of the measuring cylinder (orange flexible tube
in Figure 2). This procedure ensured that the emulsion retains
the dispersed water droplets as some fuels tend to shed water
fractions quickly depending on their level of hydrophobicity,
or the presence of polar compounds.

Immediately after starting the ViPA system, a snapshot
and a video were taken for visual comparison of the water

m X 620 high shear mixer used for

water dispersion.

© Cranfield University
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IEIETEEEY Experimental setup used for suspended water droplet size analysis.

VAC

VIPA
PROGRAM
VAC Pump speed
power control
- Fireware
cable
ion i Laptop
Flexible Emulsion inlet &
tube ongle |
Laboratory |
VIPA sytem -
@ VAC

>
| -~ U Emulsion outlet U power z
. — - ;
Measuring . :
cylinder Peristaltic e N :
um s
o Plug power supply s
12VDC 5

droplet size at the beginning and end of an experiment run.
The experimental setup is shown schematically in Figure 2.
Aninitial water content analysis was conducted using KF
coulometry a few minutes after mixing the emulsion, and then
at intervals through each test; the KF tests adopted the proce-
dure given in ASTM D6304. The KF results are shown in Table

A.1, Appendix A.

4. Results and Discussion

4.1. ViPA Data Analysis

The ViPA is capable of continuous image analysis of small
objects within its field of view—the fuel/water mix in this case.
This study aimed to characterize dispersed water droplets
which, in principle, are spherical because of surface tension
effects; such droplets will have an SF between 0.9 and 1. As
the visual analyzer assigns a given size to each water droplet,
the main operations carried out to obtain the size distribu-
tions are predefining droplets properties and contours, image
acquisition, and statistical analysis. The experiments
conducted in this work addressed the influence of (1) fuel
composition and (2) total water content on the size distribu-
tion of water droplets. Table 3 summarizes the results from
the ViPA data analysis for Test cases a.1 to a.6. The SF for these
test cases was well within the range of 0.9-1, indicating that
the detected droplets were spherical. The uncertainty of the
arithmetic mean diameter is 5% at a 95% confidence level for
every measurement.

In use, the video system operates at 20 frames per second.
It performs a background calibration of 100 frames and then
aburst of 361 frames in image analysis mode. From the frame

rate, it can be deduced that the instrument makes measure-
ments for 18.05 s within each imaging cycle. Each particle that
isidentified by the software is measured and aggregate statis-
tics recorded in spreadsheet form. On completion of an
imaging cycle, the data are stored in a hard disk drive and the
sequence repeated. Each cycle takes 39 s and, for the purposes
of this investigation, the instrument was run continuously for
1 hr for each test case.

Table 3 shows the average of the chosen parameter (size,
shape, and count) for all the images captured at different time
intervals. The count for all fuel samples reduces dramatically
over time. This is due to recirculation of the liquid stream that
creates turbulence that favors the coalescence of water droplets
to larger droplets resulting in settling. Also, from Table 3, a
slight drop in the WVA over time can be seen while there is a
slight unstable increase in the average droplet diameter with
time. However, it is noteworthy that even though Case a.6
exhibited the second highest mean diameter of 4.20 pm, it had
the lowest average count of 5400 and lowest WVA of 10.36 pm?.
Also, Case a.5 exhibited the lowest mean size of 3.97 pm, yet
it had the highest WVA of 12.6 pm? and a count of 9200. This
shows that there is a relationship that exists between the water
droplet size, count, and droplet volume concentration. The
following sections help shed light on these correlations and
expatiate on the test results for Cases a.1 to a.6.

4.2. Effects of Fuel
Composition

Jet fuel does not have a particular chemical composition but
is a complex mixture that is mainly specified according to
physical characterization as investigated and reported by a
few studies [38]. So far, it has been established that fuel proper-
ties can be directly affected by chemical composition.
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TABLE 3 Suspended water droplet summary data for Test cases a.1to a.6.

Test case a.l a.2 a.3 a.4 a.5 a.6
Summary result after 1 hr

Arithmetic mean 415 373 4.36 4.0 3.97 4.20
diameter

Dpy01 (M)

Weighted-volume 10.46 10.67 10.86 11.68 12.6 10.36
average Dy, 5) (pm)

Average count after 15,876 14,365 17,058 12113 9285 5424
1hr

Shape factor 0.92 0.92 0.91 0.91 0.92 0.91
Time history of particle characterization (arithmetic mean size, um)

39s 4.02 3.65 416 3.82 3.48 413
N70s 4.09 3.66 4.37 4.0 3.94 413
2340 s 418 3.76 4.28 3.98 4.08 4.23
Time history of particle characterization (weighted volume average size, um)

39s 10.85 11.45 12.52 13.55 14.88 9.84
N70s 10.67 10.68 1.32 1211 13.02 10.36
2340 s 10.32 10.54 13.72 1.23 12.27 10.31
Time history of particle characterization (droplet count)

39s 20,000 18,900 16,400 18,000 17,000 9000
N70s 10,200 14,500 10,500 12,000 8000 5000
2340's 7500 1,000 7500 9000 6000 3300

However, with the growing demand for SAF, understanding
the effect of chemical composition has become a vital topic of
interest as it could potentially assist in accelerating the fuel
approval process as well as providing information for fuels
additive companies and filter manufacturers. This is why the
water DSD of SAF was evaluated in comparison to Jet A-1 fuel
in this work. The influence of chemical composition on the
rate of droplet count can be seen in Figure 3(a). The time it
takes the dispersed water droplets to drop out of the fuel/water
mixture is a measure of the settling rate/profile. Data in Figure
3(a) illustrate the settling profile of the different fuels. Reported
recent work compared the settling profile of SAF and conven-
tional jet fuel and found the rate to decrease with time [13,
39]. Qualitatively, it is anticipated that the water separation
ability can be directly influenced by the droplet size and
droplet coalescence. From Figure 3(a), it can be seen that the
droplet counts decrease with time and that all fuels tend to
exhibit a steady exponential decay over time. This mirrors
previous work by West et al. that showed that the water settling
rate steadily decayed over time for both conventional and SAF
[10]. In context, the rate of decay of droplet counts may
be attributed to droplet coalescence [41, 42]. Evidence that
will indicate that droplet coalescence was occurring is in
Figures 3 and 4, showing a plot of water droplet diameter
represented by 10%, 20%, 50% to 90%, or d10, d50, and d90.

As illustrated in Figure 3(a), the rates of droplet count
decay are different for all the fuels; fuel Case a.6 showed the
least tendency to form and suspend individual water droplets,
and the slowest settling rate of all the fuel/water mixes.
However, fuels with higher settling rates and a good

separation ability are beneficial to the aviation industry as
most aircraft fueling systems utilize filter coalescers. Since
Case a.6 exhibits poorer separation ability, it can be concluded
that there was good mixing of the fuel/water solution and that
most of the water molecules likely dissolved in the solution.
This explains the high water content value in the KF result
shown in Table A.1, Appendix A; this could mean that Case
a.6 has the lowest level of hydrophobicity compared to other
fuels, or possibly contain more traces of polar compounds. To
elucidate this point on settling behavior, the average total
droplet count data were plotted for the different fuels in Figure
3(b). The ViPA detected an average count of about 15,500 after
60 min for Case a.l with 1000 ppm water addition using a
high shear mixer for water dispersion. Under the same test
conditions as Case a.1, the GTL S-8 synthetic fuel employed
for Case a.3 exhibited similar behavior; the ViPA system
detected an average count of 17,000 after 60 min. Count data
for Test cases a.1 to a.6 showed a steady decrease in droplet
count in the order ofa.3 >a.1 >a.2>a4>a.5>a.6.

The water solubility in jet fuel is predominantly depen-
dent on the fuel composition, aromatics content among other
factors. While the water droplet diameter, density, and
dynamic viscosity can affect the settling rate/rate of drop out
of precipitated droplets in fuel. Case a.6 showed the slowest
settling rate and lowest droplet count; this is a bio-derived
fuel with very low aromatics content and the highest viscosity,
as noted in Table 1. Pathway analysis by Zschocke et al and a
GC/MS characterisation by Pires et al suggests that farnesane
could contain traces of unsaturated hydrocarbons (olefins) [1]
[38]. Olefins contain one or more double bonds, that consist
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m Water droplet count with error margin (a) settling profile for Cases a.1to a.6; (b) Average droplet count histogram
data for Cases a.1to a.6; (c) Repeatability droplet counts data for Cases a.1and a.6.
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of one sigma bond and one pi bond, and therefore may
contribute to slightly enhanced uptake of water. Literature
has established that viscosity plays a key role in the behavior
of droplets in a suspension. According to Stokes’ law (which
is an expression that describes the resisting force on a particle
moving through a viscous liquid), the terminal velocity of a
water droplet is directly proportional to the square of the
droplet diameter and the density difference between fuel and
water, and inversely proportional to the dynamic viscosity of
the fuel [13]. Figure 4 shows the shift in the corresponding
water droplet size population against time for Cases a.l-a.6.

The shift in the cumulative frequency can be used to
describe the transition of the percentile of droplets over time
(up to t = 4000 s). For instance, 10%, 50%, and 90%, or d10,
d50, and d90, are represented as water droplet diameters
equal to or below the corresponding diameter of that percen-
tile. The water droplet size population represented from d10
to d90 against time for Test cases a.l-a.6 is shown in
Appendix C (Figure C.1).

It can be seen from Figure 4 that the majority of the
detected water droplets were between 2 and 4 pm. Droplet
counts decrease with time because of droplet coalescence
which causes an incremental shift of the d70-d90 populations
at different times. This is consistent with the relationship
shown in Figure 5 (illustrating the mean droplet size for all
fuels with time as a variable). It can also be deduced from the
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cumulative frequency curve in Figure 4 that droplet sizes
between d40 and d10 are likely to remain suspended in the
fuel/water mixture as no settling was noticed. No noticeable
change was detected with time for Case a.6 compared to other
test cases.

It can be elucidated from Figure 4 that droplet size does
not conform to the same pattern as droplet count. To explain
this point, Case a.6 (farnesane) with the lowest droplet count
of all the cases explored (Figure 3) maintained the lowest
WVA over time [Figure 5(a)]. However, it exhibited a larger
average droplet size over time than Casesa.l,a.2,a.4,and a.5
[Figure 5(b)]. Case a.3 (GTL S-8) showed the highest average
droplet count and droplet sizes over time but did not have the
highest droplet volume concentration (W VA). Previous work
in this area suggests that the rate at which water droplets will
fall out of a solution is dependent on the droplet volume
concentrations and the square of the diameter [10]. Figures 3
and 5 shed light on the relationship that exists among the
water droplet size, count, and droplet volume concentration.

It is noticeable from Figure 5 that the behavior of water
droplets in hydrocarbons is often complex, and random as
evidenced by a slight increase in the average droplet size with
time [Figure 5(b)]. However, a noticeable drop in the water
droplet volume over time can be seen in Figure 5(a). This
demonstrates that the contribution from larger droplets or
high-frequency counts of smaller droplets could all influence
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m Water droplet size population with respect to time for each fuel for Cases a.1-a.6.
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the droplet volume. A high droplet count does not necessarily
correspond to a high droplet volume and, similarly, a fuel that
contains few but larger water droplets do not necessarily
signify that the volume will be high. The volume concentration
is principally based on the mass equivalent as there could be a
high-water count with small droplet sizes or alow water count
with large droplet sizes. For instance, even though Case a.6
(farnesane) contained large water droplets, it had the lowest
droplet volume. In addition, it had the lowest count of water
droplets, while Case a.5 (AT]) had a higher WVA because it
contained a higher proportion of larger droplets. It is worth
noting that Cases a.2 (SASOL) and a.1 (Jet A-1) do not have
the highest droplet volume [Figure 5(a)], but they both have
the highest frequency of smaller droplets compared to all other
fuels, as shown in Figure 6(a).
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The frequency distribution for each test in Figure 6(a)
presents the droplet counts separated into discrete size inter-
vals between Jet A-1 fuel and the SAF explored for this work.
The height of the distribution peak indicates the total count
of water droplets for each size range. Figure 6(a) shows that
the mode droplet count frequency for all fuels explored fell
within the droplet interval of 2 to 3 pm. Case a.1-Jet A-1 and
Case a.2-SASOL exhibited the highest frequency of smaller
droplets ranging from 1 to 3 pm.

Figure 6(b) shows the droplet count for each class of
droplet size over time. Starting with Case a.6, the gradual
slope for farnesane confirms that the settling rate of droplets
is low compared to the other fuels. This implies that the farne-
sane formed a more stable emulsion relative to other fuel
types. The result correlates with data from a study by Leiva
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m Shows the (@) WVA data against time; (b) Arithmetic mean droplet size against time for Test cases a.l to a.6; (¢)
Repeatability data for arithmetic mean droplet size against time for Test case a.2; (d) Repeatability data for arithmetic mean
droplet size against time for Test case a.6.
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m Frequency distribution of water droplet sizes for aviation fuels explored in this work (Cases a.1to a.6).
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m Comparative analysis of the frequency distribution between Jet A-1fuel and SAF explored for this work

(Cases a.1to a.6).
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et al. on the expected behavior of emulsions and the changes
in their DSD [42]. Figure B.1 in Appendix B shows a compara-
tive analysis of the frequency distribution between Jet A-1 fuel
and the SAF explored for this work.

To illustrate the appearance and distribution of water
droplets in different fuels, Figure 7 shows typical images
captured from the ViPA software near the start and finish of
each experimental run. The images help with the visualization
of the reduction in water droplet populations seen in the
frequency distribution data in Figure 6(a), where water
droplets disappear over time due to settling.

The size distribution plots in Figures 7a.1"-a.6” show the
droplet size increases with time due to the coalescence
phenomenon—the collision of large and small drops giving
rise to larger droplets. For instance, the possible interpretation
for this distribution observed in Figure 7a.3” is because of the

collision of droplets with one large peak denoted as “e”
centered around a 2-3 pm diameter, giving rise to larger
droplets (smaller broadband denoted as “f” around 6-8 pm
diameter). The same phenomenon dominates in all cases;
however, in some cases, the peaks are smaller and almost
insignificant. For example, Case a.6 has only one evident
narrow peak denoted as “k” around 3 pm and a tiny peak
denoted as “I” around 5 pm. Overall, the larger the droplets
formed due to the collision of small droplets the more unstable
the emulsion is (typified by Figures 7a.1” and a.3"). DSD data
for Test cases a.l to a.6 exhibit an unstable emulsion in the
order of a.3>a.l >a.4>a.2 >a.5> a.6. This result correlates
with work done by Noor et al. on the stability of water in diesel
fuel emulsions, concluding that the more stable an emulsion
is, the narrower the DSD [41]. While this is based on the result
and trend observed, the statistical evidence based on the
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m Images captured from the ViPA software. Column 1 (left) shows the appearance of water droplets in the fuels, 2 min
after the start of each experiment. Column 2 (center) shows the appearance after 60 min of circulation/settling. Column 3 (right)
shows the smoothed water DSD after 100 min.
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TABLE 4 Kurtosis and skewness data for Case a.l to Case a.6.

Case a.l Case a.2 Case a.3 Case a.4 Case a.5 Case a.6 Hexanol
Kurtosis (after 40 min) 6.6 6.66 6.29 6.58 8.21 7.09 284
Skew (after 40 min) 2.63 2.79 2.65 2.75 2.95 2.68 4.6
Kurtosis (after 60 min) 7.4 73 75 7.8 10.31 9.47 34.90
Skew (after 60 min) 2.86 2.87 2.87 2.89 317 3.01 5.07

calculation of the kurtosis and skewness (Equations 3 and 4)
further elucidates the result from the droplet distribution
(Table 4).

The more unstable a solution the lower the skew value.
In contrast, kurtosis relates to a metric indicating the “tailed-
ness” of the probability distribution of a real-valued random
variable and how the data corresponds to the greater effect of
outliers. 1-Hexanol (which is likely to form a stable solution)
was included to serve as a baseline for comparison between a
stable solution and unstable emulsion and has the highest
kurtosis and skew value of the fluids investigated.

The skew to the right, seen in the droplet distribution in
Figures 7a.1” to a.6”, shows that all fuels exhibit a positive
skewness as the right-hand tail is longer than the left. The DSD
for Cases a.5 and a.6 are characterized by their smaller
secondary peaks at larger droplet sizes and slightly higher
kurtosis values of 8.21 and 7.09, respectively (Table 4). DSD
for Cases a.l to a.4 is characterized by their almost evident
second peak distributions and lower kurtosis values of 6.6,
6.7, 6.29, and 6.58, respectively (Table 4).

5. Conclusions and
Recommendations

The fundamental variable that influences the characteristics
of an emulsion in aviation fuels is the water DSD. The experi-
mental test data has indicated that water droplet size/count
distribution is sensitive to changes in fuel composition; the
evaluated synthetic jet fuels, GTL S-8, SASOL, and HEFA,
exhibited good water separation comparable to conventional
jet fuel. This is consistent with previous work conducted on
the water settling ability of various jet fuels [4, 10, 24]. Fuel
with a higher water settling rate is beneficial for aviation refu-
eling purposes. The synthetic fuels had higher droplet counts
and lower skew and kurtosis values compared to the biofuels,
which means good prospects for faster water separation. In
contrast, the bio-jet fuels explored for this work, AT] and
farnesane, exhibited worse water separation.

Further work should be carried out at different blending
ratios of sustainable fuels and temperatures (cold tempera-
tures to simulate high altitudes). This would assist with the
development of a mathematical relationship to predict the
relationship that exists among the droplet size, droplet count,
and droplet volume. Finally, experiments should be repeated
on a larger scale with the outlet emulsion transferred to a
waste container instead of the bottom of the tank/
measuring cylinder.

© Cranfield University
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Definitions/Abbreviations

AFS - Aircraft fuel systems

AT]J - Alcohol to jet fuel

DSD - Droplet size distribution

ASTM D6304 - “Standard Test Method for Determination of

Water in Petroleum Products, Lubricating Oils, and Additives
by Coulometric Karl Fischer Titration”

ASTM D7566 - “Standard Specification for Aviation Turbine
Fuel Containing Synthesized Hydrocarbons”

ASTM D7619 - “Standard Test Method for Sizing and
Counting Particles in Light and Middle Distillate Fuels, by
Automatic Particle Counter”

ASTM D8166 - “Standard Test Method for Sizing and
Counting Particulates in Middle Distillate Fuels and Biodiesel
Blend (B6 to B20) Using Continuous Flow and Bottle Sampler
Automatic Particle Condition Monitors”

GHG - Greenhouse gas

GTL - Gas to liquid

HEFA - Hydroprocessed esters and fatty acid
HSM - High shear mixer

KF - Karl Fischer

RPM - Revolutions per minute
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SAF - Sustainable aviation fuel

SASOL -

Suid-Afrikaanse Steenkool-, Olie- en

Gasmaatskappy—South African Synthetic Oil

WYVA - Weighted volume average
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Appendix B

The droplet frequency distribution for all Cases a.1-a.6 is given in Figure B.1. This reveals that the droplet counts are separated
into discrete size intervals between Jet A-1 fuel and sustainable aviation fuels explored for this work. The height of the rectan-
gular bar/peak indicates the total count of water droplets in each range. If the magnitudes of the rectangular bars for the
different size intervals are summed, it will give the total droplet count of the selected fuel.

m Frequency distribution of the different size water droplets after 100 min settling for the six aviation fuels explored
in this work.
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Appendix C

Figure C.1 shows the corresponding water droplet size population against time for all Cases a.1-a.6 tests and hexanol. The
droplet size population for hexanol was also included to serve as the baseline for extreme comparison between a stable solution
and unstable solution for data clarity, as hexanol is likely to form a very stable solution.

The minimal change seen for hexanol, and Case a.6, can be attributed to the fact that a highly stable solution was formed.
This means there exists a good mix between the water fuel mixture. The noticeable gap between d90-d50 water droplets and
d40-d10 droplets can be attributed to a lesser frequency/count distribution of the larger droplets in comparison to that of the
smaller droplets (d40-d10).
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m (a.1-a.6) Water droplet size population represented against time for Test cases a.1-a.6; a.1-a.6” shows an indication
that coalescence occurred.
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