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ABSTRACT

In the aircraft fuel system, water/ice contamination within fuel tanks has been one of the most serious challenges. This issue
was highlighted in 2008 by an accident triggered by restricted fuel flow due to the ice formation within the system. The On
Board Inert Gas Generation System (OBIGGS), which is already installed on some aircraft to prevent the outbreak of fire in
the fuel tank, is a potentially feasible method to improve the water management. This paper focuses on the impact of bubbles
from the OBIGGS system on water in the fuel tank.

In order to explore the bubble effect, the relationship between orifice configuration and bubble parameter was investigated by
means of mathematical models and existing experimental data. Moreover, by combining a MATLAB code and the introduced
bubble model, the effect of bubble size and rising speed on the water contamination in the fuel tank was observed. For the
water absorption process, a new model was introduced using a mass transfer coefficient. Finally, this article concludes that
the amount of accumulated water is dependent on the bubble size and rising speed, and an optimal bubble size or speed is
predictable once the coefficient has been obtained.
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NOMENCLATURE

Ay Interfacial area between fuel and a bubble, m?

Bo Bond number, -

dm Bubble diameter, m

do Orifice diameter, m

Fr Froude number, -

g Gravitational acceleration, 9.81 m/s?

Ga Galileo number, -

H Height, m

K Mass transfer coefficient, mol/(Ns)

M Molar mass, kg/mol

Nb Number of bubbles injected into the fuel per second, /s
Norifice  Number of orifice, -

n Amount of substance, mol

Ny,  Amountof substance from fuel to a bubble per unit time, mol/s
p Pressure, Pa

Apwzo  Water pressure difference between fuel and injected Nitrogen Enriched Air bubbles, Pa
Q Gas flow rate, m%/s

Ro Universal/Molar gas constant, 8.314 J/(mol K)
ro Orifice radius, m

Re Reynolds number, -

P Density, kg/m?

S Water solubility, %

o) Surface tension, N/m

t Time, s
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T Temperature, K

u Dynamic (Absolute) viscosity, Ns/m?

v Kinematic viscosity, m?/s

Ur Bubble rising speed, m/s

Uso Superficial gas speed, m/s

Vp Volume of a bubble, m®

Nitrogen Enriched Air gas flow rate, m%/s
We Weber number, -

INTRODUCTION

The phenomenon of water in aviation fuel is well
documented? and results in regular maintenance action. In
July 1996, the accident of Trans World Airlines, Boeing
747-13, was associated with an ignition of flammable air
and fuel mixture in the centre wing fuel tank (CWT),
resulting in the explosion of the tank.? In addition to this,
the CWT is located within the fuselage, and fuel or fuel
vapour are kept warm by heat output from the cabin and
systems, while the wing fuel tanks are cooled down
because of the exposure to the low ambient temperature
during cruise. Furthermore, the positions of environmental
control system equipment are often near to the CWT and
out heat causing transfer to the fuel. This contributes to the
increase of the volatility of fuel and possibility of
ignition.3

Considering the accident and hazard assessment, CS
25.981 sets the requirement for aircraft to minimise the
flammability of the fuel vapour and to avoid catastrophic
failure due to ignition of fuel or gas.* For over ten years,
OBIGGS, which generates and injects inert gas into the
fuel tank, has been developed to help aircraft satisfy the
regulation. OBIGGS started to be installed on civil aircraft
such as the Airbus 350 XWB or Boeing 787, using the
benefits of dry warm Nitrogen Enriched Air (NEA).

OBIGGS is also deemed as a potentially good solution to
water/ice contamination of fuel.>® In January 2008, British
Airways, Boeing 777-236ER aircraft crashed at London
Heathrow Airport because of an unexpected reduction in
thrust. According to the final report, the Air Accidents
Investigation Branch concluded that the incident was
caused by restricted fuel flow triggered by the ice
formation within the fuel system and the ice concentration
at a fuel oil heat exchanger.” As previously mentioned, the
initial purpose of OBIGGS was to avoid the mixture of
flammable fuel and air which could ignite in the tank. This
is enabled by expelling air from the tank and keeping the
amount of oxygen within a limited value. In terms of the
water contamination, the water is generated by the two
sources: precipitation of dissolved water and condensation
of moist air.> The OBIGGS can reduce humidity in the
tank and warm the ullage or fuel to prevent water
contamination. Therefore, OBIGGS could save the time
and the cost of maintenance by stopping the water
contamination as shown in Figure 1.

Figure 1. Causes and results of water contamination.

APPLICATION OF OBIGGS TO WATER
MANAGEMENT

Taking account of the source of water contamination
within aircraft fuel tanks, OBIGGS has been spotlighted as
an innovative solution for the problem. This is because the
system of OBIGGS is relatively simple with few moving
parts, hence a light-weight, low-cost, and reliable system
can be achieved. According to Federal Aviation
Administration (FAA) report, the system for the B747 will
be 160 pound (72 kg) and $150,000 - $200,000.8

Concerning the feature of the OBIGGS system, the
following points help the fuel tank to prevent the water
contamination in flight:

1) Fuel or ullage warming: NEA gas is usually pre-
warmed for the efficiency of the Air Separation
Module (ASM). Therefore, the injected NEA gas has
a higher temperature compared to the tank. It can be
expected to increase the fuel or ullage temperature
and help to reduce the amount of precipitated or
condensed water. However, because the mass and
specific heat capacity of the NEA gas is much smaller
than those of the fuel, the effect of this warming
might be insignificant.

2) Humid air expulsion from the ullage: The directly
injected NEA gas into the ullage has low humidity.
Therefore, the dry air can expel the humid air from
the ullage through the vent system.

3) When the dry NEA gas is injected into the fuel,
dehydration occurs because of the pressure and
humidity differences. This phenomenon reduces the
precipitation of water in the fuel.



When the NEA is injected into the fuel, the diameter of the
bubbles determines their shape and velocity, and as a
result, it affects their residence time in the fuel. In other
words, the rate of water transfer to the bubble depends on
the bubble size, hence it affects the amount of the
accumulated water. This research aims to calculate the
amount of dissolved or precipitated water in the fuel by
taking account of bubbles parameters. By revealing the
effect of the bubbles, it may become possible to control
them and generate desirably-sized ones from NEA
injection. Alternatively, the number of bubbles in the fuel
can be maintained to optimise the quantity of water
absorbed by the bubbles. These approaches may improve
the efficiency of the system.

FUEL TANK AND OBIGGS MODEL

The existing fuel tank and OBIGGS model has been
developed over several years at Cranfield University.

Work has generally focused on improving a CWT of A320.

° In the model, the flight profile is assumed to have three
constant phases: climb, cruise and descent. The parameters
of the fuel tank and OBIGGS used in this simulation will
be precisely described in the “simulation and result”
section. The temperatures of the fuel and the ullage are
calculated by heat transfer between the outside and the
inside of the CWT.1® Concerning the major causes of
water contamination, the following phenomena are
considered:*

Inflow/Outflow through the vent system

NEA gas injection, absorption of dissolved water
Water condensation on the wall

Water precipitation in the fuel

Regarding the second point, the injected NEA gas is
assumed to absorb the dissolved water perfectly up to its
saturation point regardless of how long it remains in the
fuel. Therefore, the following sections of this paper
discuss more precisely the effect of the NEA bubbles on
the water absorption.

BUBBLE MODEL
Bubble diameter

In this section, a review of previous studies about bubble
size or rising velocity injected from a probe into liquids is
carried out, followed by a validation of suggested
mathematical formulas using existing experimental data.
Finally, the method is applied to the current fuel tank
model.

Bubble size is one of the key parameters and clarifying it
is a challenge to determine two-phase gas-liquid
phenomena. Although a lot of experiments or theoretical
analysis have been conducted over the past decades, one
clear single method has not been established as of today.
However, summing up these studies, it can be widely
recognized that the bubble size depends on the following
Six parameters:

Orifice diameter d, [m]

Gas flow rate Q [m¥/s]

Liquid density p. [kg/m®]

Surface tension o [N/m]

Dynamic viscosity u [Ns/m?]
Gravitational acceleration g [m/s?].

Since, in total three physical variables are used in these six
parameters, bubble diameter can be expressed with three
dimensionless numbers according to Buckingham II
theorem:

f(Hl’HZ’HB):O 1)

Akita and Yoshida'? developed a mathematical model
satisfying the condition:

dy oo dap Y (i) U, )
On _ g L9PL J)| | @
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This equation was obtained by dimensional analysis and
had been widely used for over 40 years. Jamialahmadi et
al.®® improved this model based on neural network
analysis and confirmed that the new method could predict
the bubble diameter for various surface tensions or liquid
viscosities. The correlation was obtained as follows:

0.36 3
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where Bd,, Fr, and Ga represent the Bond number, Froude
number, and Galileo number respectively and can be
written as follows:

2
Bdo = M (4)
(o}
U 2
Fr=—%
gd, ©
3
Ga= dv°29 ©)

where Uso is the initial speed at the injection nozzle (see
Figure 2) determined by dividing the injected gas flow Q
by the orifice area zro? :

Ugo = gz @)

In this study, it can be alternatively written as follows:
VNEA
do ] 8)

Norifice ' 7[(2

Uso =



Figure 2. Bubble model.

To verify this method, a comparison with independent
experimental research results conducted by Ramakrishnan
et al.'* was performed in this research. In the experiment,
three different types of glycerol which have various
dynamic viscosities were investigated with orifice
diameter d, = 3.7 mm. NEA bubbles formed at the orifice
mounted on the bottom of the liquid column rose to the
ullage of the cylinder. Table 1 shows the properties®> and
the values calculated by employing equations (3) to (8). In
Table 1, the content rate indicates the concentration of the
glycerol in a water solution. Because the Froude number is
calculated by the gas flow rate at each data point, the other
two numbers; Galileo and Bond, are shown in the table.

Table 1.
Properties of glycerol for comparison.'®

Dynamic viscosity u [cP]

45 302 552
Content — yy 1og] 769 918 953
rate
Surface [N/m] 0066  0.064  0.064
tension
Density o [kg/mq] 1200 1240 1248
Kinematic [m2/s] 3.7x10° 2.4x10° 4.4x10°
viscosity 5 4 4
Galileo 36x10 86 26
number
Bond
comber Bl [ 2.4 2.6 26

*1cP =10P =0.001 Ns/m?

Figure 3 shows the result of the comparison. The points
illustrate the experimental values given by Ramakrishnan
et al.'3, and the curves represent equation (3). Although the
case for y =302 cP does not match the experiment result,
the other two cases seem to have good agreement with the
data.

Figure 3. Comparison the mathematical equation with
an experimental data.

The errors between the values of equation (3) and the ones
of experiment are presented in Table 2. Even for the liquid
of u =302 cP, the maximum relative error is 6.0% at Q =
1.1X10°md/s. Considering the experiment itself includes
some errors, it is reasonable to judge that the equation (3)
is valid for calculating the bubble diameter based on the
liquid properties, orifice size, and gas flow rate.

Table 2.
Percentage errors for comparison.

Dynamic viscosity u [cP]

0,
Error [%] 45 302 552
Maximum 2.9 6.0 2.7
Mean 1.8 4.0 0.5

In order to evaluate the possible error in the calculation
using Jet A-1 properties, another comparison using
different liquid data provided by Kulkarni et al.'® was
conducted as illustrated in Figure 4. This data was chosen
because the liquid properties were close to the ones of Jet
A-1. The values are shown in Table 3. The orifice
diameter was set as do = 2.5 mm to be consistent to the
experimental condition.™

Table 3.
Properties of liquids.'’

Water Propanol
Surface
tension o [N/m] 0.073 0.0238
Density p [kg/ m3] 1000 803.7
Kinematic [ms] 1.0x10%  2.9x10%

viscosity




Figure 4. Comparison using different liquids.

The mean percentage error (MPE) values for water or
propanol condition were calculated as 1.4% and 2.4%
respectively. Each MPE was calculated using the
following equation:
MPE[3]= 120y X =%
n ‘= X

©)

where x and X represent the experimental data and the
theoretical value at each gas flow rate respectively. n
indicates the number of data points.

It should be noted that the NEA gas flow rate, in this case,
is one order smaller than the one in Figure 3. However, the
equation still has a positive match with the experiment
result. Considering that the value of fuel properties exists
between the ones of water and propanol, the MPE was also
selected at the point which internally divides the two MPE
values and resulted in 2.3%.

Rising speed

Regarding the bubble rising velocity, Zheng et al.®
presented a new method which categorises the bubble size
and adapted different rising velocity formulas respectively.
The feature of the formulas is that the equations
compensate the errors caused by assuming that the bubbles
are spherical while in reality their shape is ellipsoidal.

1) Smallsize (4 <1mm)
Reu
pLdm

Ur = (10)

here the Reynolds number Re can refer to the following
equations:

Re=0 _1 7569 %10 N2
24 (11)
+6.9252x107" N, - 2.3027 x10 "N, ¢
when N, <73%,
Re :10—1.7095+l.33438N—0.1159]W2 *k (12)

when 73< N, <580,

—1.81391+1.3467W —0.1242W 2 +0.006344V °
Re=10

(13)
when 580< N, <1.55x10’ .
* ND = 4PL(P|_ ~Ps )gdm3 /3/12
*Fw = log N,
2) Intermediate size (lmm<d, <15mm)

U, = M3 - 0.857)

oo (14)

where M and J are functions of liquid and NEA gas
properties:

J=0.94H""", (2<H <59.3)
J=342H°*", (59.3<H)

4 -0.14
H = 3 EM 0.149[,UJ
Hy

(15)

in which g is the dynamic viscosity of water, and E, and
M are

pL—P
M =g (Lff)
pPLO
_ 2
. :g(ﬂL%)dm (16)
3) Largesize (15mm<d, )
U. =071 \/m (17)
P

Note that the suffixes for the density: L and G, represent
liquid and gas respectively, and dn indicates equivalent
bubble diameter for ellipsoidal shape bubbles. Zheng et al.
have already verified this method by the comparison with
experimental data using 90.6% glycerol .8

Figure 5 represents the relationship between the size of a
bubble and its velocity in Jet A-1 based on the above
formulae. It can be found that when the bubble diameter is
between 3.5 and 15 mm, its movement speed in immobile
fuel is approximately 0.2 m/s. Table 4 shows the
properties of Jet A-1 for the calculation at 15 °C.%°

Table 4.
Properties of Jet A-1 at 15 °C.%°

Values
Surface tension o 0.0238 [N/m]
Density p 803 [kg/ m
Kinematic viscosity v 1.8x10° [m?/s]
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Figure 5. Relationship between bubble diameter and its
speed in Jet A-1 fuel at rest.

Water transfer

In general, mass transfer in two-phase flow can be
expressed in a time derivative form. In this research,
because the water pressure difference between a bubble
and fuel can be obtained for each time step and for the
simplification, following equation was introduced to
express the amount of substance of water from fuel to a
bubble per unit time [mol/s]:

hH 20 = KAbApH 20

where, Ay is the surface area of an injected NEA bubble,
and Apwzo is the water pressure difference between the fuel
and the bubble, which is expressed as

(18)

NEA

fuel
Prso = Phaos  for
ApHZO — { H20 H20

fuel sat
P20 < Ph2o

(19)

Pl — Przor  for Pl > Pl
Equation (19) indicates that the pressure difference
depends on the water partial pressure p™ in the fuel or

H20
saturated water pressure in the bubble p2 . In this
simulation, the partial pressure of water in the NEA gas
phes is given as one of the parameters of the system,

which is 13 Pa.?°

The coefficient K represents the easiness of the mass
transfer, and concerning the unit consistency, the unit can
be expressed as mol/(Ns). The value of the coefficient
should vary with the type of liquid and gas. However, it is
not easy to find the exact value for an oil-air-water system.
Hence, through several iterations, some possible values
were decided in the simulation, and the effectiveness of
the value K was investigated.

By taking account of the residence time of a bubble, the
amount of water which one bubble can absorb from its
generation until the explosion can be written as follows
(refer to Figure 2):

H fuel
ThE (20)
U T

absorb .
nH20 _nHZO At= r]HZO

where At is the time for the bubbles to rise from the tip of
the orifice to the boundary with ullage. Note that this is
assuming the rising speed Ut is constant and is the
terminal speed calculated by equations (10) to (17).

Water precipitation

The number of bubbles generated by the NEA gas per
second is obtained by

V
N, —_NEA
V) (21)
Concerning equations (18) and (20), the amount of
dissolved water per mole at time i can be expressed as
follows:

s ) =i~ - N -z @)

It is common knowledge that the water solubility depends
on the fuel temperature. The dissolved water itself does
not contribute to the water contamination or concomitant
serious accidents.?! However, once the dissolved water
comes out of solution as free water or is collected as a
puddle at the bottom of the tank under the low-temperature
condition, it could lead to operating issues associated with
the water. Since it is not easy to remove the dissolved
water by a mechanical process such as filtration, other
methods are necessary to avoid the water contamination.

Water solubility of aviation fuel has an exponential
relationship with the fuel temperature:

S=5, exp(sTye)

where o is the base coefficient which matches the water
solubility in the fuel at 0 °C, s; is a slope of the log
relationship between the temperature and the solubility,
and Tre is the fuel temperature in °C. In this research,
based upon an aviation fuel property handbook,'® the
following values are cited: so = 27x10™ % v/v, s; = 0.030
°C - for Jet A-1.

Using the water solubility of the fuel, S, the amount of
substance of dissolved water at saturation can be

(23)

fuel,sat __ SpH ZOVfueI
H20 -
M H20

(24)

Therefore, equations (23) and (24) give the amount of the
precipitated water®:

fuel, fuel [ fuel, sat
nHuzeopre = max{nHuzeo (')_ nHuéeoSa ) 0} (25)

Water condensation

When moist air flows from outside the tank through the
vent system, or NEA bubbles release vapour into the
ullage, water condensation tends to occur on cold surfaces
such as the tank walls or vent pipes.

On the assumption that all the water-absorbed bubbles
explode at the surface and release the water into the ullage,
the partial pressure in the ullage can be expressed as
follows:



bubble
. . n T
)= ppka -1, e e

ullage

(26)

Using the Rankine’s equation, the saturation pressure of

the ullage p:i® can be calculated as?

(27)

paoe = 1013256x;{13.7 - 5120]

ullage

Hence, the partial pressure of condensed water in the
ullage is

condens __ ullage _  ullage
H20 — MH20 sat

(28)

If the relative humidity is greater than 1 (supersaturation),
the amount of condensed water in the ullage is

condens
condens pH 20 Vullage
Ny = (29)
R,T
0 " ullage

SIMULATION AND RESULT

Simulation using condition of A320 flight
experiment

For the calculation of the amount of the water
accumulation, the flight data of A320 given by FAA?® was
used. The CWT with 8.2 m® capacity was assumed as a
simple rectangular box without any partitions referring to
the report.?® Table 5 shows the simplified geometry of the
tank. The initial fuel load is 1500 kg which is equal to
23% of the tank volume, and fuel consumption rate was
set to zero according to FAA experiment condition. For
the simulation, the following environmental features were
considered: atmospheric properties, NEA gas inflow, fuel
and ullage temperature (heat transfer) and gas
composition. The dissolved water and the temperature
were assumed as uniformly distributed in the fuel. The
FAA experiment data shown in Figure 6 indicates two
different NEA gas flow rate modes. The high-flow mode
during the descent phase supplies more NEA to avoid the
humid air of the atmosphere entering the tank through the
vent system.

Table 5.
A320 CWT geometry.
[m]
Length (Side surfaces) 2.74
Width (Front and rear surfaces) 3.35
Height (Maximum) 0.91

Figure 6. A320 flight test profile from FAA.?

Partial validation of the code

The main part of the simulation code which calculates the
ullage properties, especially for condensation calculations,
was validated by comparing the oxygen concentration in
the ullage with the FAA result in the zero fuel case. In
Figure 7, it can be confirmed that the simulation result has
close agreement with the experimental data especially for
the cruise phase; in addition, the mathematical model used
in the simulation follows the real phenomena. It should be
noted that validation was conducted only with the ullage
data due to the lack of the experimental data source.
However, because this simulation includes heat transfer
between the ullage and the fuel, and the temperatures
affect the oxygen content in the ullage, at least it can be
said that the fuel temperature roughly matches the one of
FAA experiment.

Figure 7. Comparison of ullage oxygen concentration
between FAA experiment and simulation result.

Result of bubble effect

The bubble diameter and velocity were obtained in the
simulation under the conditions set to match the FAA
experiment. Following the conditions of the FAA
experiment such as altitude or NEA gas flow rate, several
combinations of the orifice diameter d, and the number of
orifices Noritice determined the bubble parameters: bubble
diameter dm, bubble rising speed Ur, and superficial gas
speed Uso.



The orifice diameter d, was changed from 2 mm to 10
mm, and the number of orifices Norifice Was varied from
100 to 1000.

The superficial velocity Uso is usually equivalent to the
injection velocity at the nozzle. Even though some penalty
may be caused due to the efficiency and the practical
injection speed may be less than the superficial velocity,
the magnitude should be similar to the rising speed.
Impractical values such as over 10 m/s should not be used
in this simulation because the phenomena could bring
about inaccuracy. Figure 8 illustrates the result over a 120-
minute period as an example, under the condition of d, =5
mm and Norifice = 500, which has similar values for the
injection and rising velocity.

Figure 8. Bubble parameter change in flight: (a)
bubble diameter, (b) rising velocity, (c) superficial gas
velocity.

Secondly, the relationship between the bubble diameter
and the accumulated water was investigated.

As previously mentioned, the gas flow rate depends on the
flight mode. Additionally, parameters such as diameter
and velocity vary with the time because their parameters
are affected by the environmental differences such as
liquid density due to the temperature change. Therefore, to
make the comparison easy, the average values during the
stable cruise phase t = 2500 - 4500 s were analysed.

The mass transfer coefficient K was obtained through
several iterations. In the calculation, the accumulated
water is a sum of precipitated water and condensed water,
and the balance depends on how much the bubbles transfer
the dissolved water to the ullage. Since there were no
information available about the value for oil-air-water
problem, the simulation was repeated, and it was found
that when K is around 5x107 mol/(Ns), the total
accumulated water has less enough values compared to the
non-inerted case.

Figure 9 shows the amount of accumulated water for
various mass transfer coefficients: K = 4x107, 5x107,
6x107 mol/(Ns). Each bubble diameter and velocity was
determined for different orifice configurations.

In the figure, an optimal bubble diameter (a) and rising
speed (b) to minimise the contamination can be detected in
each curve. Moreover, it can be found that in the regime of
precipitation, the smaller bubble or bigger rising velocity
tends to inhibit the water contamination.

In the mathematical model, the total water mass transfer is
expressed as follows:

absorb __ absorb
My = Nb ‘Nyzo - MHZO

6V ue
:%'KAszo'UifTI'MHzo (30)

m

In equation (30), the absorbed water is inversely
proportional to the bubble size and rising velocity.
However, the result of Figure 9 (b) does not follow this
analytical model. This is presumably due to the
relationship between bubble size and its rising speed as
shown in Figure 5, and the influence of bubble size on
water contamination is more dominant than that of bubble
speed.

Finally, from this result, it can be said that once the mass
transfer coefficient K is deduced, the optimal point can be
predicted in terms of the water contamination.
Consequently, the number and diameter of the orifice can
be calculated to obtain the desirable values of diameter
and rising speed of the bubble.



Figure 9. Effect of bubble diameter and rising speed on
water contamination: (a) accumulation and bubble
diameter, (b) accumulation and bubble rising speed.

CONCLUSIONS

The main objective of this research was to propose a new
model for application in using OBIGGS for water
management in aircraft fuel. Although many studies about
bubble size and speed determination exist, an innovative
analytical modelling of the bubble applied to the aircraft
fuel system was introduced from previous studies. The
selection of the models was conducted based on the good
agreement in the comparison with existing experimental
data, using a liquid which has similar properties to Jet A-1.

Several orifices with various numbers and diameters were
investigated related to the bubble size and the speed. It
was found that the number of the orifices or its diameter
dominated the bubble size, but the magnitude of the rising
speed difference was only 0.01 m/s.

Concerning the bubble parameters, it is widely known that
the number of different-sized bubbles in a column follows
the gamma or log-normal distribution. In this research, the
average diameter based on the gas flow rate information
was used for the calculation. Therefore, future work might
investigate more precise bubble size distribution and its
velocity using several types of orifice.

By combining the bubble model and a MATLAB
simulation code based on the FAA experiment, the effect
of the presence of bubbles on the water contamination was
studied. The mass transfer coefficient was introduced and
its value was determined by repeating the simulation and

finding the reasonable range: K = 5x107 mol/(Ns). In this
range, the total amount of accumulated water is less
compared to the one of non-inerted case, and also includes
minimum  points between the condensation and
precipitation regimes. It should be noted that this paper
suggests that optimum point depends on the coefficient K.
In order to verify this value range, additional experiments
are necessary.

It has been previously reported that gas-liquid mass
transfer can be accelerated by increasing the residence
time of bubbles or increasing the interfacial area.?*
However, the simulation result shows that the long
residence time does not necessarily accelerate the
dehydration of dissolved water. This is because, although
the amount of water which is transferred from the fuel to
the bubble is inversely proportional to the rising speed Ur,
the speed itself is also related to the bubble scale, and the
staying time has less impact on the water accumulation
compared to the bubble diameter.

Furthermore, for the amount of accumulated water, the
optimal point exists in terms of the bubble size and the
terminal velocity. From the above results, the orifice
properties can be designed to attain ideal bubbles.

If the best orifice configuration cannot be achieved due to
space or weight limitations, either precipitation or
condensation can be dominant, and it depends on the size
of bubble or speed from the optimal point. In the
precipitation regime, a greater mass transfer coefficient is
more effective because more water can be absorbed. On
the other hand, in the condensation area, the bigger mass
transfer  coefficient accelerates the contamination.
However, if any mechanism, such as a membrane, to
retain the condensed water on the wall is available, the
effect of water condensation can be decreased. This proves
that the optimal point is expanded toward the condensation
regime, and more varied options can be used for the orifice
properties.
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