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ARTICLE INFO ABSTRACT

Keywords: Pumps, pressure drops across fittings, and flight operations (such as turning manoeuvres, take-off, and landing)
Droplets size are some of the many sources of turbulence mixing and shearing in aircraft fuel systems, therefore, making it an
Stokes law

inevitable condition. Literature established that shearing conditions would influence the droplets and droplets
size distribution in an oil/water emulsion. So, low intensity shearing conditions could be beneficial as it promotes
droplets coalescence, which could be a driving force for a weak emulsion. However, to date no experimental data
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Shedding

Jet fuel has shown the influence homogenising intensity and total water content has on dispersed water droplets size
Aircraft distribution in aviation fuel. Therefore, to expand knowledge of quantification of measurements of dispersed
Emulsion water droplets in aviation fuel, this study characterizes dispersed water droplets in aviation turbine fuel, varying

available laboratory homogenising devices and water content. Results presented show that droplets count in-
creases with water concentration and shearing effect. To provide more statistical evidence, kurtosis and skew
values were calculated from the extrapolated data and compared with data from a hexanol/water mixture given
that hexanol is likely to form a stable emulsion. Experimental results show that the higher the homogenising
intensity the more stable the emulsion is likely to be with a higher kurtosis and skew value close to that for the
hexanol/water mixture. Therefore, observations show that mild shearing conditions (high shear mixing in this
case) could help promote droplets coalescence, leading to a better separation ability.

1. 1. Background of study

Condensation, refuelling operations and maintenance operations are
means in which water can get into jet fuel. The problem of water in fuel
has been a major cause for concern in the aviation industry as it can lead
to safety issues. Water in fuel can disperse as droplets that can eventually
freeze at low temperatures, potentially leading to fuel flow restriction
[1]. Water can enter the fuel by different mediums like during refuelling
operations, maintenance and other flight operations. Take-off, landing,
turning manoeuvres are some of the many flight operations that
contribute to mixing and shearing the fuel in aircraft fuel systems,
therefore, making it an inevitable condition. Work by Noor et al. sug-
gested that mild shearing could be beneficial as it promotes droplets
coalescence, which could be a driving force for a weak emulsion [2].

Additionally, findings by [3] and [4] established that shearing condi-
tions would have a tremendous effect on the droplets size variation in an
oil/water emulsion; the higher the shearing effect (energy input), the
greater the fuel/water dispersion and the probability of smaller droplets
size production [3-5]. It has been established in the literature that ice
accretion is dependent on the amount of water in fuel, temperature and
size of supercooled water droplets of the fuel [6-10]. Goodarzi et al.
suggested that droplets interact with each other and deform from the
original spherical shape at high water concentrations of dispersed phase;
the researchers suggested correction factors as a function of the
dispersed phase volume fraction to consider the deformation of droplets.
The results obtained from work by Goodarzi et al. show that there is a
good separation in the water in oil mixture with higher total water
content [3]. As a result, the influence of water content on the average

Abbreviations: C, Volume concentration; CF, Cumulative frequency; d, Mean droplets size diameter (um); DSD, Droplets size distribution; g, Acceleration due to
gravity (m/s?); HSM, High shear mixer; KF, Karl Fischer; n, Number ranging from 2.4 to 4.65 for increasing particle Reynolds Number; ppm, Parts per million; rpm,
Revolutions per minute; UPs, Ultrasonic processor; V, Terminal velocity (m/s); ViPA, Visual Process Analyser; WVA, Weighted volume average (um); s, Density of fuel
(kg/ms); SASOL, South African Synthetic Oil; s.d, Standard deviation; U, Settling velocity (m/s).
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droplets size distribution is evaluated to demonstrate the impact of
water content and time on the water droplets size and count distribution.

Water in aviation fuel has been a long-standing area of concern in the
aviation industry [11-17]. There are three different forms in which
water could exist in aviation fuel; as dissolved water, dispersed water
and free water [8,9]. Water that has dissolved in aviation fuel, exists as
molecules that could precipitate out of the solution as suspended or free
droplets at cold temperatures. Suspended water droplets can be formed
when the water solubility limit of the aviation fuel has been exceeded or
be formed by mechanical agitation by a jet pump, during aircraft ma-
noeuvres or pressure refuelling [18,19]. Suspended water droplets take
time to settle out or coalesce but eventually form free water that settles
at the bottom of the tank [10,20,21]. Droplets of a few microns can also
be a problem and previous work done in this area has shown that free
water has a droplets size range of 20 — 30 um, whilst suspended water
droplets have a droplets size range of up to 13 ym [22,23].

Detailed visual droplets counting procedures have been reported in
ASTM D7619-17 and ASTM D8166-21a to assist in addressing safety
issues and also improve categorisation and quantification of water
contamination in fuel [23,24]. Yet, the mechanism of water droplets
formation and uptake in aviation fuel is an area that lacks detail in the
literature. It is paramount to understand the fundamental properties that
could influence the process and behaviour of water in aviation fuel.
Previous study of water-in-oil emulsion has demonstrated that the DSD
is one such factor that could play a key role in characterising water
behaviour in an emulsion [3]. Also, a recent study conducted by Ugbeh
et al investigated the droplets size distribution in five sustainable avia-
tion fuels (SASOL-Synthetic paraffinic kerosine, Syntroleum gas to
liquid, Hydroprocessed esters and fatty acids, Alcohol-to-jet fuel, and
farnesane) and compared the results with the distribution of convention
jet fuel using a high shear mixer. Observations showed that water
droplets size is influenced by the chemical composition of the fuel and
droplets sizes in the range of 3 — 6 ym were noticed for the different fuel
types explored [25]. Therefore, this present study is aimed at charac-
terizing the droplets size and frequency distribution by laying emphasis
on the following objectives: (a) To demonstrate, based on theoretical
assumptions, that droplets size/frequency in jet fuel distribution is
governed by shearing conditions. (b) To demonstrate the impact of
water content and time on the water droplets size and count distribution.
A notable point is that the choice of added water content was arbitrary
for this study; the importance was having a considerable and compa-
rable amount of free water as free water content can be affected by the
total water content of the fuel.

2. Experimental procedure

Particle Image analyser, the Jorin Visual Process Analyser
(ViPA): The ViPA was manufactured by Jorin 1td., Whetstone, Leicester,
England. The imaging analysis is a continuous cycle employing a
recording microscope that displays real-time images of particles in the
fluid and categorizes particle of interest. The particle size detection limit
is a minimum of ~ 1.5 pm and a maximum of ~ 300 pym. Experimental
information was collected for approximately 3900 s and recorded as
counts per 39 s. The ViPA unit allows the user to define parameters that
enable it to differentiate particles based on size or shape. The unit can
quantify data on a number of parameters allowing the user to decide
which parameters fit the purpose of the work. In this study, the size, and
volume parameters were analysed.

The mean droplets size was calculated using the equation below.
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Also, the “De Brouckere mean diameter also referred to as weighted

volume average (WVA)”’ was employed for as it takes into account the
mass and volume of a given distribution [26,27]. The equation for the
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weighted- volume average D, ; can be written as:

Smoidy}
Zf’io"rd?

To improve confidence in the experimental data generated from the
DSD, further statistical analysis was conducted by computing the kur-
tosis and skewness [2825]. Kurtosis statistically measures the sharpness
of the tail on the distribution curve and the combined weight of the data
points relative to the mid-section of the distribution curve. Meanwhile,
the skew value measures the distortion or asymmetry of the DSD. If a
data set has perfect symmetry, then the skew value is expected to be near
zero. The skew parameter can have either a negative or a positive value.
A distribution is said to be negatively skewed when the majority of its
data points is skewed to the left or, in the case of this work, where there
exist outliers or peaks at larger diameter in the distribution (coalescence
= collison of small droplets to form larger ones). The equations for
skewness and kurtosis are:

Q[4.3] = (2)

n

(n— l)n(n -2) Z (dis;z”>3 3

i=1

Skewness (sk) =

(n—1)’
n—2)(n-23)
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Kurtosis (k) = n(n+1) Z (dis;n)4 B 3(

s.d = standard deviation, d = mean droplets size diameter.

Procedure adopted for producing dispersed water in aviation
fuel: The fuel-water sample was prepared using a 100 mL measuring
cylinder ~ 32 mm diameter to accommodate the homogeniser and the
stirrer. A clean and dry 100 mL measuring cylinder was filled with 100
mL of fuel .0.1 mL or 0.05 mL of water was added to the 100 mL fuel,
depending on the experiment. Blending was done using either a high
shear mixer (HSM) or an ultrasonic horn as seen in Fig. 1 below.

The fuel was subjected to different shearing methods for the purpose
of comparison to analyse the shearing effect on the water droplets size
distribution and counts. The ultrasonic horn (UP200S model) has a
frequency of 24 kHz, nominal power output of 200 W, and amplitude
adjustable from 20 to 100 %. Tests were conducted using conventional
Jet A-1 which is a hydrocarbon mixture consisting mainly of straight and
branched chain paraffins (C8 to C16), naphthenes and aromatics.
Table 1 summarises sets of test condition conducted for this study.

The ultrasonic processor (UP200S model) converts an electrical
signal into a high frequency vibration, producing high-intensity ultra-
sonic waves which form small bubbles or voids in the liquid that collapse
quickly thereby disrupting the liquid molecules and enhancing mixing of
the water and fuel. For the X 620 HSM, shearing effect can be changed
by altering the impeller speed. For the present study, the shearing rate
was set to a constant speed of 11,000 rpm and allowed to homogenise for
60 s.

Fig. 1. Instruments used for water dispersion a) X 620 high shear mixer: b)
UP200S Ultrasonic processor.
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Table 1
Test conditions using conventional Jet A-1 fuel.

S/N Experiment Weight % Water added Shearing effect
1 Phase 1 experiments 0.05 Ultrasonic horn
2 0.05 High shear mixer
3 0.1 Ultrasonic horn
4 0.1 High shear mixer
5 Phase 2 experiments 0.02 High shear mixer
6 0.05 High shear mixer
7 0.1 High shear mixer
8 1 High shear mixer

As soon as the emulsion has been prepared, the ViPA system was set
in place to begin analysis. Fig. 2 shows the schematic of the set up.

The experimental method for the HSM only was incorporated to this
work from previous study conducted by Ugbeh et al [25]. As seen in
Fig. 2, the blue flexible “inlet’’ tube was positioned at the centre of the
cylinder while the orange flexible passage “outlet’ tube was positioned
at the bottom of the cylinder. The peristaltic pump was switched on and
the experimental analysis began when the ViPA system started. The
main source of error is from the measurement of the water droplets size
distribution using the Jorin ViPA with an accuracy of + 2 % full scale
and repeatability + 1.5 %. Snapshots were taken at the start and finish of
the experiment for comparison. A Karl Fischer coulometer was
employed for the water content analysis. Analysis was done immediately
after the emulsion has been prepared. Experiments was conducted in
separate phases. Phase 1 examined the effects of mechanical agitation
and phase 2 examined the effects of total water content. For the phase 2
experiments, a known amount of distilled water (0.02 %, 0.05 %, 0.1 %,
and 1 %) was added to the fuel and homogenized for 60 s at 11,000 rpm
using an X 620 high shear mixer.

3. Results and discussion

Effects of shearing conditions:Flight operations such as turning
manoeuvres, take-off and landing are some of the many sources of tur-
bulence mixing and shearing in aircraft fuel systems, therefore, making
it an inevitable condition. Work by Noor et al. suggested that mild
shearing conditions could be beneficial as it promotes droplets coales-
cence, which could be a driving force for a weak emulsion [2]. Addi-
tionally, Findings by [3] and [4] established that shearing conditions
would have a tremendous effect on the droplets size variation in oil/
water emulsion. Water droplets merge to form larger droplets during
coalescence. It is an irreversible process that reduces the number of
water droplets and ultimately results in demulsification. High floccula-
tion rates, high water concentration, interfacial tension, and interfacial
viscosities promote coalescence [25]. There are several factors that drive

Pump Speed
VAC Control
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droplets coalescence. These can be summarised as the number of drop-
lets/droplets collisions, relative velocity at which droplets collisions
take place, relative size of the droplets which are colliding, electrical
charges surrounding the water droplets (their zeta potential), oil/water
interfacial tension, thickness and stability of the film on the surface of
the water droplets, and viscoelastic properties of the stabilising film on
the surface of the water droplets. Consensus has it that the higher the
shearing effect (energy input), the greater the fuel/water dispersion and
the probability of smaller water droplets size production [3-5]. To
investigate if droplets size/frequency distribution in jet fuel is governed
by shear conditions, water droplets produced by a high shear mixer were
compared to those produced by ultrasonic dispersion for this study. The
result from this set of experiments is given in Figs. 1 and 2.

Fig. 3 shows a images captured by the ViPA at the start of the Phase 1
experiment. As seen from Fig. 3, smaller droplets were formed with the
ultrasonic processor compared to the HSM. Fig. 4 shows the droplets
frequency distribution for the ultrasonic and HSM cases explored.

The skew to the right in the droplets distribution in Fig. 4 a and b
shows that both shearing conditions exhibit a positive skewness as the
right-hand tail is longer than the left. The droplets size distribution for
mixtures with higher shear conditions (ultrasonic horn) is characterised
by their near monomodal (single peak) distribution and a slightly higher
kurtosis value of 13.45. Droplets size distribution for a mixture prepared
with a milder shear rate, HSM, is characterised by their almost evident
second peak and a lower kurtosis value of 7.5. Also, as anticipated, the
skewness value is lower for the high shear mixer distribution (2.86)
compared to the ultrasonic horn distribution (3.57).

On mixing with the ultrasonic horn, a high intensity shearing effect is
generated as it introduces a lot of energy into the system, thereby pro-
ducing smaller droplets and a single mode distribution as seen in Fig. 4c
and d; bigger droplets were formed when the high shear mixer was
employed. For clarity, Fig. 4a and b demonstrate the droplets size dis-
tribution with smoothed kernels. On shearing with the HSM, a collision
of small drops with a diameter around 2 pm gives rise to larger droplets
around 5 pm. Therefore, the distribution is observed in Fig. 4 a; with one
large peak denoted as centred around 3 um and small broadband around
6 um. However, for the emulsion formed using the ultrasonic horn,
which in theory introduces more energy into the system (higher shear
rate), a monomodal distribution was observed as seen in Fig. 4b, with
one narrow peak around 3 um. Also, between both cases, the maximum
value of volume-weighted mean and mean diameter is reached in the
HSM case (green and blue vertical bar, respectively) because of the
presence of larger droplets sizes and counts (as seen in Fig. 4). Therefore,
it can be concluded that increased shear conditions lead to a decrease in
the mean size droplets (4 to 2.9 in this case) and leads to a narrower
droplets size distribution as seen in Fig. 4c and d.

The plots in Fig. 5a, and b show that a lesser droplets count was

VAC
e == 1 O
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PROGRAM

Peristaltic
Pump

Laboratory
VIPA System

U %J'Emulsion outlet U

Fig. 2. ViPA analysis unit experimental set up [25].
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Fig. 3.
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Image captured of dispersed water droplets on initial mixing Jet A-1 fuel with the high shear mixer and ultrasonic horn.
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Fig. 4. a and b; DSD (with smoothened kernels for phase 1 experiments). The blue vertical bar is the average diameter of the droplets. The green vertical bar is the
average WVA; c and d; comparison and evidence of repeatability for all shearing experiments. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

produced in the ultrasonically dispersed fuel/water mixture.

Additionally, the results shearing experiments shows that there is a
decrease in the droplets count over time. However, the rate of decrease

is faster after a mild shearing effect, compared to the higher shearing
effect ultrasonic horn. In contrast, a slight increase in the average
droplets size with timeis noticeable for the HSM mixture in Fig. 5¢c whilst
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Fig. 5. Water droplets count a) settling profile for jet
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there is no significant change in the droplets diameter overtime with the
UPs mixture. This increase in droplets size over time, could be attributed
to the coalescence phenomenon.

The cumulative frequency (CF) distribution represented in Fig. 6
shows some similarity in the median diameter (d50, CF of 50 %) of both
shearing methods in the 500 ppm case. However, very minimal change
in the 1000 ppm case was seen. 3—4 um sized droplets are seen to have a
CF of 80 % for the ultrasonic case. However, at the same CF of 80 %, 6-7
um sized droplets are seen for the HSM case. The DSD shows that there
exists a higher frequency of larger droplets in the HSM case in com-
parison to that of the ultrasonic. This could mean that the ultrasonic case
produces a more stable emulsion with better homogenising effect. A
notable point from Figs. 4, 5 and Table 2 is that the highest value of
volume-weighted mean and mean diameter is reached on shearing with
the high shear mixer.

From Table 2, hexanol, which is likely to form a very stable mixture
has the highest kurtosis and skew value of 34.90 and 5.07, respectively.
This further means that a more stable mixture was formed using the
ultrasonic processor. From a practical point of view, the right choice of
emulsification is essential in obtaining a stable mixture. Therefore, from
this work, it can be concluded that mild shearing conditions could be
beneficial as it promotes droplets coalescence, leading to a faster/ better
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Table 2
Result data summary for shearing experiments explored for this work, compared
with a hexanol/water mixture.

Shear Kurtosis Skew Average WVA Average
condition parameter parameter diameter Dy3 droplets
Dy, (um) (um) count
Ultrasonic 13.45 3.57 2.9 7.1 15,000
processor
High shear 7.5 2.86 4.1 10.11 21,000
mixer
HSM
Hexanol 34.90 5.07 2.6 6.3 134
Using
HSM

separation ability. Whilst the high intensity shearing conditions leads to
a tighter emulsion hence resulting in poor water separation.

Effects of total water content: It has been established in the liter-
ature that ice accretion is dependent on the amount of water in fuel,
temperature and size of supercooled water droplets in the fuel [8-10].
Also, Goodarzi et al. suggested that droplets interact with each other and
deform from their original spherical shape at increased water
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Fig. 6. Cumulative frequency DSD for the different shearing experiments.
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concentrations of dispersed phase; the researchers suggested correction
factors as a function of the dispersed phase volume fraction to consider
the deformation of droplets. The results obtained from work by Goodarzi
et al. show that there is a good separation in the water and fuel mixture
in fuels with higher total water content [2]. As a result, the influence of
water content on the average droplets size distribution is evaluated to
demonstrate the impact of water content and time on the water droplets
size and count distribution. The choice of added water content was
arbitrary for this study; the importance was having a considerable and
comparable amounts of free water as free water content can be affected
by the total water content of the fuel. The result illustrated in Fig. 7
shows the influence of water content on the droplets size and count. The
total droplets count data were plotted against the different total water
contents explored in Fig. 7a. The ViPA detected an average count of
about 22,079 in the 60 min at 10000 ppm and 1087 at 200 ppm. Count
data for the added water test cases show a steady decrease in the order of
10000 > 5000 > 1000 > 500 > 200 > fuel as received.

Fig. 7b shows the water settling rate profile for the added water
content in aviation fuel. The settling profile illustrates that total added
water content could impact water-shedding rates. As seen in Fig. 7b,
there is more driving force for the water to come out of suspension at
higher nominal water levels, particularly shortly after mixing. This
result is consistent with the proportionality seen in Fig. 8a. This is
because the rate at which water droplets will fall out of a solution is
dependent on the droplets volume concentrations and the square of the
diameter. As seen from Fig. 8a, water droplets fall out at a higher rate in
the 10000 ppm case because of the larger droplets compared to other
lower total added water cases. These shows that the water droplets data
is consistent with theoretical assumptions that droplets size impacts
water-shedding rates.

Results observed in Fig. 8 are consistent with the proportionality
shown in Fig. 7 as the 10000 ppm case has the highest droplets count,
WVA and droplets size diameter. Therefore, it is noticeable from Figs. 7
and 8 that larger water droplets and count are formed with a higher total
water content level. The detected water droplets sizes for all phase 2
experiments are given in Appendix 1.

Fig. 9 shows screenshots from the ViPA, illustrating that droplets size
and count reduces over time. The lower droplets counts over time is
because of droplets settling, with a steady decrease of count and water
concentration expected as time progresses (see Fig. 10 is in the text).

Evidently, as volume concentrations are principally based on the
mass equivalent, the 10000ppm case contains the highest frequency of
both smaller and larger droplets in comparison to all other added water
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cases. The results from this section explain why keeping the water pre-
sent in jet fuel at a minimal level is highly important to prevent large
volume/size of droplets forming in fuel tanks and potentially causing
problems at high altitudes.

4. Water droplets- free and hindered settling velocity

The first step towards having an idea of the size of droplets formed is
to consider the emulsion as undergoing a free settling process, (i.e., only
one water droplet is settling through the continuous phase of fuel). A
process is termed free settling when a particle is at a sufficient distance
from the walls of the container and from other particles so that its fall is
not affected by the walls or other particles. Stokes law equation gives an
idea of the size of droplets that can exisit in a particular emulsion. For a
spherical particle settling freely, a droplet of mass ‘m’ is assumed to fall
under gravity at a constant velocity (terminal velocity). Stokes law is
used to calculate the terminal velocity for a given droplet size. The
resulting terminal velocity is proportional to the square of the droplet
diameter. Stokes Law is given as follows:

¢D*(p, — pr)

V= (5)
181+ py

where

p, = density of water (kg/m>).

s = density of fuel (kg/m®).

g = acceleration due to gravity (m/s).

e = kinematic viscosity of fuel (mz/s).

V = Stokes terminal velocity (m/s).

D = Water droplet diameter (m).

For a free settling calculation, it was assumed that terminal velocity
was reached i.e., acceleration time is neglected, flow is laminar with a
low settling velocity, Reynolds number of Re < 0.2 and that droplets
particles are spherical, smooth, and rigid.

For this work, the measured water WVA was used to calculate the
terminal velocity, then a graph that describes the relationship between
terminal velocity and the WVA for the different water concentrations
conducted is shown in Fig. 9.

This relationship was obtained using Stokes law. Fig. 11 above shows
how the droplets diameter varies with water concentration, and the
effect on terminal velocity. It is evident that the terminal velocity in-
creases with increasing concentration as a result of the increase in WVA.
This is consistent with work from literature that suggested that settling
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Fig. 7. a Estimated average droplet count of added water. b Measured water settling rate content.
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Fig. 8. Shows the a) weighted volume average data against time; b) Mean droplets size against time for test cases c.1 to case c.6.

velocities are affected by high concentrations (Baldock et al). However,
Stokes law accounts for a single perfectly spherical droplet falling freely
in a medium, neglecting the effect of water concentration in hindered
settling (which is the likely typical scenario). In hindered settling, the
particles or droplets will have a much lower settling rate or velocity than
particles in free settling because of interactions crowded droplets. One
widely accepted factor that accommodates the concentration term is
given by Richardson and Zaki [29]. This semi-empirical equation for
hindered settling is given below:

Uu=v(a-0" (6)

where

U: Settling velocity, m/s.

V: Stokes terminal velocity, m/s.

n: Ranges from 2.4 to 4.65 for increasing particle Reynolds Number.

C: Volume concentration.

It is therefore proposed that models that could be used to account for
the effect of water concentration and settling be developed. Some pro-
posed suggestions have been listed in Table 3 below. It is recommended
that more experiments be done to modify the empirical correlations to
fit the test with water droplets since the index exponents for some of the
experiments are for solid particles.

5. Conclusions and recommendations

Experimental data reveals that water droplets size/count distribution
is influenced by the type of shearing/mechanical agitation used during
water introduction method. Mild shearing conditions (HSM in this case)
could help promote droplets coalescence, leading to better separation
ability. The droplets size distribution for mixtures with higher shear
conditions (ultrasonic horn) is characterised by their near monomodal
(single peak) distribution and a slightly higher kurtosis value of 13.45.
Droplets size distribution for a mixture created with mild shear is
characterised by an almost-evident second peak and a lower kurtosis
value. Also, the skewness value is lower for the high shear mixer dis-
tribution compared to the ultrasonic horn distribution. Therefore, on
mixing with the ultrasonic horn, a high intensity shearing effect is
generated as it introduces a lot of energy into the system.

Furthermore, very minimal change in the 1000 ppm added water
concentration was seen.3-4 um sized droplets has a CF of 80 % for the
ultrasonic case. However, at the same CF of 80 %, 6-7 um sized droplets
are seen for the HSM case. Observations from the DSD shows that there
exists a higher frequency of larger droplets in the HSM case in com-
parison to that of the ultrasonic. This could mean that the ultrasonic case
produces a more stable mixture with better homogenising effect.

Droplets coalescence phenomenon was evident in the shearing phase

1 experiments with the high shear mixer (medium energy input in this
case). Mild shearing conditions promote droplets coalescence, leading to
a better separation ability. From a higher energy input to medium en-
ergy input, DSD changed significantly in terms of mean values and the
higher skewness and kurtosis value.

The present study recommends the parametric studies of the expo-
nent for hindered settling velocity. Hindered settling velocity for water
droplets could be formulated using the Richardson and Zaki equation.
Therefore, further research should be carried out to develop a new
empirical model to account for water droplets in a hindered settling
scenario. Also, it is suggested that an independent experimental data set
be collected to validate the model formulated in this study. It is further
recommended that the experiments be replicated to simulate tempera-
ture of an aircraft in service.
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Fig. 9. Captured ViPA images at the start (after ~2 min) and end (after ~60 min) of experiment.
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Frequency vs droplet size distribution (0-10,000 ppm concentration)

600
3
2 mO0ppm
g 500
i = 200 ppm
& 400 -
Y = 500 ppm
H
:;; 300 + H 1,000 ppm
g
g = 10,000 ppm
* 200

100

0

LA BN N N R C BN N BN
-

©

P P Pi L’/gb
N N S N S N SN £

Q N 02 > b‘ o) © 1 % o NN N SN BN PN

Droplet size (um)

Fig. 10. Comparative analysis of the frequency distribution for the total water content explored for this work (Case c.1 to c.5).
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Fig. 11. Relationship between droplet diameter (WVA), water ccincentration
and terminal velocity.

Table 3
Semi-empirical correlations that account for water concentration in hindered
settling.

S/N Reference Formulated model n value

1 Richardson and Zaki [29] u=v@a-o- n=4.65

2 Garside and Al-Dibouni [30] u=v@a-on n=>5.14

3 Al-Naafa and Sami-Selim [31] u=v@a-on n = 6.55

10.17862/cranfield.rd. 19067666

Appendix 1

Appendix 1 shows the detected water droplets sizes for all phase 2 experiments. It is noticeable from the data that larger water droplets and counts
are formed with a higher total water content.
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