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Abstract: Ice accretion on the inner surface of a fuel tube can fall off and potentially block the filters
and small orifices, which thereby restricts the fuel flow to the engines during the long flying of the
aircraft in cold conditions. This might cause the engines to shut down and pose a catastrophic safety
threat. In this pursuit, the present study evaluates the effects of fuel temperature, entrained water
concentration, and duration on the accretion of ice in flowing super-saturated RP-3 aviation jet fuel.
A methodology for the quantitative mixing of water mist with fuel for accurately controlling water
concentration was proposed. The different kinds of accreted ice, ‘fluffy’ and ‘pebbly’, were observed.
As the distance of flow increased, a non-uniform distribution of ice on the cross-sectional area was
noted. The amount of ice accretion increased with a decrease in the temperature from −2 ◦C and
−12 ◦C, and with an increase in entrained water concentration. Besides, the amount of ice accretion
showed an increasing trend as time went on and became stable after 2 h. Our experimental results
can assist to gain a better understanding of the ice accretion process in flowing super-saturated fuels
and may serve as a basis for the design of the aircraft fuel system and airworthiness certification.

Keywords: ice accretion; fuel tube; airworthiness

1. Introduction

The presence of water in the aviation jet fuel has been a topic of concern for the
aviation industry since this contaminating water may freeze during the long flights at high
altitude and potentially possess a serious safety threat [1]. The Air Accidents Investigation
Branch (AAIB) indicated the reason for the Boeing 777 crash landing at Heathrow airport in
January 2008 was a sudden and non-instructive drop in fuel flow during approach, due to a
restriction on the face of fuel-oil heat exchanger (FOHE) induced by the release of accreted
ice. Following the investigation, the AAIB made recommendations to European Aviation
Safety Agency (EASA) and Federal Aviation Administration (FAA) for further research on
the aspect related to the formation mechanisms and properties of water/ice in fuel, as well
as the accretion and release mechanisms of ice [2].

Aviation fuels are known to contain small quantities of dissolved water, which may
precipitate gradually when the fuel is cooled [1]. Lao et al. observed that the excess
dissolved water precipitated and appeared in the form of fine droplets or ice particles when
the fuel was cooled down [3,4]. Murry et al. found that the micron sized water droplets
immersed in JetA-1 fuel existed in a metastable sub-cooled state to around −36 ◦C [5].
Lam et al. made similar observations for tiny water droplets that precipitated from the
fuel model (Toluene) which could maintain a metastable super-cooled state to temperature
below −30 ◦C [6]. The supercooled water droplets could remain liquid state in cold fuel,
but that hardly happened in an actual fuel system due to other impurities.

Undissolved water can also freeze to form ice crystals that may be capable of plugging
the fuel filters [1]. Lao et al. observed that a substantial layer of two different types of
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deposition on the sub-cooled surface seemed to grow directly from dissolved phase, in
accordance with the Bergeron process [3]. Lam et al. found that the mass transfer from the
metastable ice particles changed to hexagonal ice particles and attributed this phenomenon
to the augmented Wegener–Bergeron–Findeisen (WBF) process and the Ostwald ripening
process [6]. Lam et al. described that the accreted ice was akin to fresh snow and exhibited
soft and fluffy attributes [7]. The accreted ice in a static fuel was available to understand
the icing mechanism.

In order to simulate the real fuel system, a series of tests were designed to mimic the
fuel flow and ice accumulation. The accreted ice found in the AAIB tests was found to be
soft and mobile [2]. The release of the accreted ice in the fuel system could clog the FOHE,
thereby threatening flight safety. Maloney et al. [8,9] tested accreted ice of the saturated
fuel flowing through the cold pipe and observed two types of ice accumulation due to
temperature differences between the fuel and pipes. Schmitz et al. [10] observed that the
soft ice accreted upon the aluminum wedge block, but a large fraction of it shed off at fuel
temperature below −20 ◦C, which was considered to be a consequence of the changing ice
properties and adhesion strength. Lam et al. [11] obtained accreted ice with a large porosity
for super-saturated fuel, which was mixed with water at 5 °C. Besides, the adhesion of
accreted ice, especially soft ice, was sensitive to fuel temperature. Lam et al. [7] measured
the adhesion of accreted ice on horizontal and vertical sub-cooled surfaces immersed in
jet fuel. Maloney et al. [9] observed the ice accumulation at −7 °C, especially at the weld
position. However, the accreted ice was almost invisible at −19 °C. AAIB observed a critical
icing temperature, called the ‘sticky’ range, between −5 °C and −20 °C [2]. Although the
accreted ice in fuel pipes has been studied, there were differences owing to different fuels
of varied chemical composition [12]. Thus, the test data were insufficient, especially for
super-saturated low-temperature fuel.

The icing of the aircraft fuel system is a complex process. The methods of mixing water
with fuel and regulating water concentration still need to be improved. The experimental
data on the characteristics of accreted ice for different types of cold fuels are yet not
fully understood. In this pursuit, the main objective of this study was to gain a further
understanding of the ice accretion for super-saturated fuel, and the effects of test-period,
fuel temperature, and entrained water concentration.

2. Experimental Methods
2.1. Experimental Principle

A schematic representation of the test rig employed for this study is shown in Figure 1.
The circular fuel flow was fed from a welded SST tank of 200 L capacity and driven by a
gear pump. The data acquisition system monitored the flow volume and temperature of
the fuel. The former was controlled by a regulating valve and the latter was cooled by a
chilling system that sprayed the liquid nitrogen into the environment chamber.

Figure 1. Schematic representation of the icing test rig. (Dark blue indicates supersaturated fuel, and
light blue indicates saturated fuel).

The key component of the apparatus was the device that mixed the quantitative water
mist with the fuel, as shown in Figure 2. The fuel was evenly mixed with atomized micron
water droplets to achieve precise control of entrained water concentration. The device
comprised mixing pipes and water atomizers with vibrating micro tapered apertures. The
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water atomizers facilitated the dispersal and mixing of the water mist added quantitatively
to cool fuel. The fuel surged into the mixing pipes from the surface rectangular holes.
The hot water was provided by the impeller pumps for heating the wall to prevent ice
formation around the holes. The super-saturated cool fuel exited the device and entered
the external pipework.

Figure 2. Device for quantitative mixing of water mist and fuel. (a) the schematic representation,
(b) the 3D model.

The atomizer was composed of a water storage tank and a piezoelectricity sheet. The
water was pushed by an external micro syringe pump. The water droplet dripped on
the piezoelectricity sheet was rapidly atomized. The required flow volume of water was
regulated according to the fuel flow rate and power of the piezoelectricity sheet:

M = V(γTS + C − γ) (1)

where M is the flow volume of water (L/h), and V is the flow volume of fuel (L/h), and C
is the constant for water mist loss. γ and γTS is the water concentration of saturated fuel
and fuel in the test section (ppm), respectively.

The external connecting pipes (SST) were thermally insulated with rubber plastic
cotton. Especially, the sampling valve before the test sections was heated by an electro-
thermal film, to avoid icing leading to the uncertainty of entrained water concentration
in fuel through the test section. The test loop (Aluminum, total length 21 m) was located
in the environmental chamber, including two removable test sections (inner diameter
38.1 mm, length 0.6 m) at the inlet and outlet. The fuel pipes were used to observe and
measure the accreted ice. After that, the filter sieved the impurities and the snow shower
carried in fuel from upstream processes. Subsequently, the super-saturated fuel flowed into
the water separator that was filled by the water absorbing resin, which could absorb the
undissolved water and maintain the fuel saturated at low temperatures. The heat exchanger
regulated the temperature of fuel, by controlling the mixing ratio of heated fuel to cool fuel
in the main pipeline. In the end, the saturated fuel was driven back to the saturated fuel
tank by the gear pump. The average water concentration of fuel was determined by Karl
Fischer titration using the sampling valves. The experimental conditions were summarized
in Table 1.

Table 1. Experimental Conditions on ice accretion of aviation jet fuel pipe.

Test Period t
(min)

Fuel Temperature Tf
(°C)

Water Concentration
γTS

(PPM)

Fuel Flow Volume V
(L/h)

60 −12 200 600
90 −12 200 600

120 −2, −9, −12,−15 150, 200, 300 600
150 −12 200 600
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2.2. Experimental Process

The tank was filled with 150 L of RP-3 aviation jet fuel. The typical temperature and
water concentration profile were shown in Figure 3. The initial fuel circulated for about
0.5 h at room temperature in order to filter out the impurities and undissolved water.
Subsequently, the liquid nitrogen was sprayed into the chilling chamber. The flowing
fuel and pipe were cooled to a target fuel temperature. The temperature was maintained
for 2 h. Based on the current flow volume, and water concentration of saturated fuel at
the target temperature, the flow volume of water was determined by Equation (1). The
water was added by the device for quantitative mixing of water mist and fuel. As the
experiment continued, the fuel samples were taken and measured every half hour to
validate that the required entrained water concentration of fuel at the inlet of test loop was
steady. After the specific test period, the system was stopped, and the test section was
detached. After the fuel inside the test section was drained, the weight of the test section
was measured and used to quantify the ice accretion. The average value was obtained
to eliminate the uncertainty in mass measurement. The test section was photographed
to record the accreted ice. The whole procedures, including weight measurement and
photography, was completed in the chilling chamber to prevent the influence from ambient.
The ice suspended in the fuel was drained with fuel together, which was not counted in the
accreted ice mass in the fuel pipe. Subsequently, the test sections were re-installed and the
volume flow was increased slowly to V = 1000 L/h. The heat exchanger was fully opened
to heat the fuel. Besides, the drain valve was opened to release the part of the free water,
and the water-absorbing resin was replaced.

Figure 3. A typical fuel temperature and water concentration profile.

3. Results and Analysis

The icing tests methods and procedures followed in aircraft fuel systems have been re-
ported, including under emergency conditions, which mixed large amounts of water [13–15].
The icing experiment carried out with super-saturated fuel was meaningful in the aircraft
fuel system design and airworthiness certification technology. For super-saturated low-
temperature fuel, the influence of the test duration, fuel temperature, and water concentra-
tion on accreted ice mass was discussed.

3.1. Influence of Duration

Considering that the test sections were located in a closed environment chamber, it
was impossible to directly observe the ice accretion process. Following the procedure
described above, experiments were carried out at different duration ranging from t = 1 h to
t = 2.5 h. Figure 4 illustrates the ice accreted in the test sections at different durations.
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Figure 4. Ice accretion in the test-sections at different duration for Tf = −12 °C, γTS = 200 ppm,
V = 600 L/h. (a–d) are the ice accretion at upstream test section and (e–h) are the ice accretion at
downstream test section.

Visualization of the ice accretion on the inner wall of the test sections was carried
out. There were at least two different types of depositions, of which one was soft and
fluffy near the wall, like frost, which seems to be similar to the ice described in related
literature [3,7,10]. The other was hard and took on a ‘pebbly’ appearance. The character
of accreted ice was closely related to the way of mixing water with fuel. The water mist
was injected into cold fuel, resulting in rapid cooling and ice nucleation of tiny droplets.
Thus, in this study, the entrained water in the fuel before entering the test loop included
micron-sized supercooled water droplets and ice crystals. They collided with cold walls
and froze to create the ‘pebbly’ ice. However, the thin layer of soft ice was considered to
form at the cooling stage. The pipe and flowing fuel were cooled simultaneously. The
entrained water was precipitated due to the decrease in fuel temperature. Although the
water filter separator filtered out most of the dissolved water, the fuel began to cool down
once entering the test coil. The entrained water formed the ice particles, which are sticky.
With successive impingement of ice particles, a soft ice layer is formed.

It was found that the accretion level exhibited a gradual non-uniformity on the cross-
sectional area with the distance of flow. The ‘pebbly’ ice in the rear test section was larger
and concentrated in the lower part. Similarly, Lam et al. observed that the distribution
of ice accretion was uneven in the longitudinal and circumferential directions of the fuel
pipework [11]. It was seen that the micro-sized water droplets slowly fell through fuel
under the effect of gravity. The settling rate is given by Stokes’ Law, which could describe
the terminal velocity of the water droplets, as shown in Equation (2) [16].

v =
(ρw − ρf)gd2

18µf
(2)

where v is the falling velocity of droplets in the fuel (m/s), d is the diameter of the droplets
(m), and µ f is the dynamic viscosity of fuel (NS/m2). ρw and ρf denote the density of water
and fuel (kg/m3), respectively.

Since the size of water droplets in the super-saturated fuel was less than 50 µm, and
the density difference between water and fuel was comparatively modest, the settling
rate of water droplets was estimated to be less than 0.12 mm/s, which could be negligible
compared with the fuel flow velocity. The water droplets and ice crystals suspended in
the fuel evenly adhered to the inner wall, so the ice distribution was relatively uniform in
the upstream test section. With fuel flowing downstream, the water droplets/ice particles
could collide and merge with each other. In addition, the accreted ice could be washed
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off downstream due to its soft and mobile characteristics. In the downstream test section,
the volume of ice crystals, water droplets, and accreted ice gradually increased, making it
difficult to be suspended, which resulted in the non-uniform distribution of accreted ice.

The quantity of accreted ice in the upstream test section at different test duration was
shown in Figure 5. For various icing conditions, tests were carried out in triplicate and
the average value was obtained to eliminate the uncertainty. The results showed that with
the extension of the test duration, the amount of ice accretion appeared to an increasing
trend and became stable after 2 h. In this study, the undissolved water was entrained
by low-temperature fuel and impacted on cold wall under the action of velocity profile,
leading to ice accumulation and subsequent adsorption. Without considering the complex
interface of porous media, the wall shear strength increased with the average spatial
flow velocity. Prolonging the test duration, the water droplets/ice particles continuously
adhered to deposition within the test loop. Meanwhile, the initial thin layer of soft ice was
gradually filled with tiny water droplets and ice crystals. As the amount of accreted ice
increased, the average spatially flowing velocity increased. The shear strength increased
and gradually overcame the ice adhesion strength. After the equilibrium state was reached,
the accreted ice no longer increased significantly. Lin et al. [17] believed that most accreted
ice accumulated over a short period of time (generally less than 3 h).

Figure 5. Mass of accreted ice in the upstream test section versus the test durations.

In order to more clearly clarify the relationship between the amount of icing and
the test durations, the water concentration of the fuel samples at the inlet and outlet
of the test loop were compared, as shown in Figure 6. The results suggested that the
water concentration at the inlet is relatively steady, which demonstrated the initial water
concentration was repeated and controlled. However, the water concentration at the outlet
changed drastically. This was because the sampled fuel at the outlet was mixed with ice.
The water concentrate was analyzed following the Karl Fischer method after sampled fuel
was restored to room temperature, leading to a large error bar.
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Figure 6. Water concentration of the fuel sample at the inlet and outlet of the test loop.

3.2. Influence of Fuel Temperature

From the experiments, it was found that the amount of ice accretion in the fuel
pipeline reached the maximum at around 2 h. Experiments were carried out at different
fuel temperatures ranging from T f = −2 °C to T f = −15 °C. Figure 7 showed the adhered
ice accretion to the inner surface of the test sections at variable temperatures.

Figure 7. Ice accretion in the test sections at different fuel temperatures at t = 2 h, γTS = 200 ppm,
V = 600 L/h. (a–d) are the ice accretion at upstream test section and (e–h) are the ice accretion at
downstream test section.

The accreted ice was sticky and adhered to the inner wall at a fuel temperature
range between −2 °C and −15 °C. According to the AAIB investigations, the highest
stickiness was found at around −12 ◦C [2]. It was noted that when the fuel temperature
was maintained at −2 °C, there was a little accreted ice in the upstream test section. This
was consistent with the ‘sticky’ temperature region in the literature [2,10]. However, the
‘pebbly’ ice still appeared at the bottom of the downstream test section. This was because
the ‘sticky’ temperature region was mainly for soft ice characteristics, while ‘pebbly’ ice
is formed by larger water droplets/ice particles. The properties of ice, such as adhesion
strength and porosity, were different.

The amount of the accreted ice in the upstream test section changed with the fuel
temperature, as shown Figure 8. With the decrease in the fuel temperature, the mass of
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accreted ice presented an increasing trend between −2 °C and −12 °C, while the accreted
ice occurred to fall off partly at −15 °C. Schmitz et al. [10] believed that the increase of
accreted ice was partly attributed to decreasing water solubility with fuel temperature.

Figure 8. Mass of accreted ice in the upstream test section versus the fuel temperature.

Figure 9 illustrates the relationship between the saturated water concentration and
temperature of RP-3 aviation jet fuel:

γ = 54.261e0.0297Tf (3)

Figure 9. The saturated water concentration of fuel temperature. The red line represented the fitting
line of experimental data in this study. Other experimental data were from literature [1,15,18–20].

The experimental results in this work proved consistent with those reported in the
previous literature [1,15,18–20]. The deviation is attributed to the different chemical com-
position. The results showed that with the decrease in fuel temperature, the saturated
water concentration decreased. That explained the source of the entranced water at the
cooling stage. However, most of the accreted ice mass belonged to ‘pebbly’ ice in the
above experiments. Thus, the influence of the dissolved water could be neglected for the
super-saturated low-temperature fuel used for the experiments.

The increase in accreted ice could be attributed to two aspects: nucleation rate and
ice adhesion strength. Firstly, the presence of supercooled water droplets was the pre-
condition of nucleation and ice formation. Gibbs free energy [21] must be overcome for
ice to be formed from water. The fuel temperature could be assumed as the supercooled
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water temperature. Whether homogeneous or heterogeneous nucleation, the difference
in Gibbs energy decreased with increases in the supercooled degree of water droplets.
Thus, the frozen fraction of droplets entrained in the fuel increased with the decrease in
fuel temperature.

Besides, the adhesion strength of accreted was sensitive to temperature [9]. It was
agreed that the adhesion strength of ice to arbitrary substrates increases with the decrease
in temperature [22]. The pipe wall temperature in the test section was cooler than the
fuel temperature. Thus, the adhesion strength of ‘pebbly’ ice increased with lower wall
temperature, leading to more ice particle deposition. However, when the fuel temperature
is near the edges ‘sticky’ temperature region, the ice accumulation is less [9].

In this study, at a fuel temperature below −15 °C, part of the accreted ice was observed
to fall off, as shown in Figure 7d,h. It is noted that the shed part is the soft ice at the pipe
top. This phenomenon is consistent with the results in the literature [10]. Archer et al.
found that the damping effect in the thin liquid-like layer between ice and structural solid
disappeared after a certain temperature [23]. The shed ice would flow backward with
the fuel, potentially clogging other parts. In fact, during tests, the coarse filter was often
blocked due to ice accumulation, leading to flow fluctuations.

3.3. Influence of Water Concentration of Fuel

AAIB proposed that it was difficult to control water concentration of supersaturated
fuel, and the uneven distribution characteristic was one of the reasons for the limitation
of the tests [2]. The cloudy or milky appearance, due to the presence of the entrained
water, made it difficult to directly observe the process of icing on the solid wall in the
super-saturated fuel.

Following the procedures described above, experiments were carried out at differ-
ent entrained water concentration ranging from γTS = 150 ppm to 300 ppm. Figure 10
illustrated the ice accreted in the test sections at different water concentrations.

Figure 10. Ice accreted in the test-sections at varied water concentrations for t = 2 h, Tf = −12 °C,
V = 600 L/h. (a–c) are the ice accretion at upstream test section and (d–f) are the ice accretion at
downstream test section.

In this study, the water concentration of cooled super-saturated fuel was controlled by
the quantitative mixing of water mist with fuel. Figure 11 showed the comparison of the
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theoretical and experimental values in the fuel samples. It was considered that the method
of injecting was reliable and the water concentration was controllable.

Figure 11. Comparison of theoretical and measured water concentration in the fuel samples. The
spot lines represented the theoretical values.

The amount of ice accretion increased with the water concentration, as shown in
Figure 12. This was because the frozen fraction of droplets increased with the increase in
water concentration. More free water in fuel presented nucleation, icing, and adhering to
the inner wall.

Figure 12. Mass of accreted ice in the upstream test section versus the water concentration.

4. Conclusions

When the fuel system encounters a cold environment, ice accumulation in the absence
of additives is inevitable. The super-saturated fuel entrains water droplets/nucleation
particles and flows in pipes in emergency conditions, leading to accreted ice. Hence,
experiments were carried out to study accreted ice of super-saturated low-temperature fuel
in the pipe. A method for preparing the quantitative water concentration of flowing fuel in
a loop was presented, and the key parameters, such as test duration, fuel temperature, and
water concentration, were analyzed.

There were two different depositions on the inner wall of the pipe: one was in the
form of soft ice and the other was hard and exhibited a ‘pebbly’ appearance. The water
solubility decreases exponentially with decreased fuel temperature, which promotes soft
ice accumulation. The accreted ice exhibited a non-uniformity at the cross-sectional area
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with the distance of flow. With respect to the test duration, the amount of ice accretion
showed an increasing trend and became stable after 2 h. Besides, the amount of accreted
ice increased with a decrease in the fuel temperature between −2 ◦C and −12 ◦C. Part of
the soft ice was shed off at fuel temperature −15 °C. The amount of accreted ice increased
with the increase in water concentration in the fuel.

We believe that our findings regarding the tendency of icing may serve as the basis for
aircraft fuel system design and airworthiness certification.
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Nomenclature

AAIB Air Accidents Investigation Branch
FOHE Fuel-Oil Exchanger
WBF Wegener-Bergeron-Findeisen
EASA European Aviation Safety Agency
FAA Federal Aviation Administration
SST Stainless Steel
M Injection rate of micro syringe pump
V Flow volume of fuel
γTS Water concentration of fuel in the test section
γ Water concentration of saturated fuel
UTS Velocity of fuel flow in the test section
Re Reynolds number
v Falling velocity of droplets in fuel
ρw Density of droplets ρf Density of fuel
g Gravity acceleration d Diameter of droplets
µf Dynamics viscosity of fuel Tf Temperature of fuel
t Test period
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