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ABSTRACT

While ice formation in aviation jet fuel has been a serious
concern in the aviation industry in terms of safety, icing in jet
fuel has poor understood. The ice formation in the fuel delivery
system might be highly affected by hydro-thermal conditions
such as cooling rate, flow condition, and etc. This study
investigated the effects of hydro-thermal environments on ice
crystallization. Ice formation tests were conducted under various
temperatures, cooling rates, and flow conditions. The jet fuel was
cooled down to -38 °C with different cooling rates and flow
conditions. The formed ice particles in jet fuel were sampled and
observed in a cold room. The various shapes of ice crystals were
found according to the hydro-thermal condition.

INTRODUCTION

Dissolved water in the aviation jet fuel always exists. Water
can be soluble in the jet fuel and the solubility is determined as
a function of environmental temperature. At low-temperature
environment, such as a flight at a high altitude, water dissolved
in jet fuel is precipitated as micron-sized droplets and starts to be
changed into ice crystals when fuel temperature reaches to the
freezing point of water. The fuel-borne ice crystals could disturb
the supply of the fuel in the fuel delivery system and this
phenomenon could cause a safety problem [1].

Murray et al. observed supercooling of artificially pre-loaded
water droplets immersed in the jet fuel. The droplets could stay
as liquid phase until around -38 °C [2]. Lam et al. observed water
droplets and ice crystals formed on a subcooled quartz crucible
surface using Toluene as a model fuel. They presented the ice
crystals in the Toluene grow by Wegener—Bergeron—Findeisen
(WBF) process and Ostwald ripening process [3]. Lao et al.
observed deposition of the water droplet and ice crystal on a
subcooled aluminum surface in a fuel tank [4].

In the field of Atmospheric science, investigation of ice
crystal shapes has been widely conducted. In the air, ice crystal
shapes are directly related to hydro-thermal conditions such as
temperature, water vapor pressure, and cooling rate, and the
hydro-thermal environments highly affect characteristics of ice
crystals such as growth rate and adhesion force [5]. The size of
regular or irregular shaped ice crystals is ranged from tens to
hundreds of micrometers. Previous studies found that the shape
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and size of the crystals in the air depend on the hydro-thermal
conditions [6].

Considering the ice crystallization process in air, the ice
crystals in fuel also might be highly affected by hydro-thermal
conditions [7]. This study, thus, aims to investigate effects of
hydro-thermal environments on ice formation in the jet fuel. The
shapes of fuel-borne ice crystals are roughly classified at first,
and then effects of cooling rate and main flow are simply
discussed.

EXPERIMENTAL SETUP AND PROCEDURES

Jet A-1 was prepared as the jet fuel sample. The fuel sample
is hydrated at the environment of 25 °C in an incubator. A bottle
filled with the fuel sample of 200 ml is partially immersed into
the water reservoir. The fuel sample is stirred continuously using
a magnetic stirrer. The magnetic bar is coated with PTFE and the
fuel sample is kept in the incubator at least more than one day.
The water concentration in the fuel is measured using Karl-
Fischer titrator as ppm by mass of water. Instrument error of the
titrator falls within +5 ppm.

In this study, two experiments are conducted. One is an
experiment to investigate an effect of cooling rate on ice
formation characteristics, the other is an experiment to
investigate an effect of main flow on ice formation with various
temperatures.

Figure 1 shows an experimental setup to investigate the effect
of cooling rate on ice formation characteristics. In the cold
chamber at -40+2 °C, three bottles filled with the hydrated fuel
(97£10 water ppm by mass) are cooled down from 15 °C to -38 °C
with different cooling rates; the cooling rate of sample A, B and
C are -1.42 °C/min, -2.27 °C/min and -2.53 °C/min respectively.

When the temperature of a sample reaches to -38 °C, 50 ul of
sample is loaded on a slide glass using a micropipette and
covered with a cover glass. A rectangular spacer of 0.5 mm is
located between the slide glass and cover glass. The spacer is
employed to minimize wall adhesion of ice particles and prevent
evaporation of fuel. A microscope (Olympus, BX50, and
Olympus, U-DCD) and a CCD camera (PCO 1200) are
employed to take microscopic photographs. Specimen C is firstly
loaded on the stage of the microscope, B and A are loaded in
sequence.
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Figure 2 shows experimental setup to investigate an effect of
main flow on ice formation with various temperatures. A syringe
filled with fuel of 5 ml (97410 water ppm by mass) is prepared.
The syringe is precooled to environmental temperature. Three
temperatures are considered as test conditions: - 15 °C, -25 °C
and -35 °C. Using a syringe pump, the precooled fuel is injected
into a stainless tube with Reynolds number of 16; the inner
diameter of the tube is 1.76 mm. The outlet of the stainless tube
is connected to a conical tube. Using a micropipette, 50 pl of fuel
in the conical tube is sampled. Ice crystals in fuel are observed
on the same method of the experiment to investigate the effect of
cooling rate on ice formation characteristics.
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Figure 1 Schematic diagram of experimental setup to
investigate an effect of cooling rate on ice formation
characteristics
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Figure 2 Schematic diagram of experimental setup to
investigate an effect of main flow on ice formation with various
temperatures
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CRYSTAL SHAPES OF FUEL-BORNE ICE

Figure 3 shows ice crystals shapes formed in jet fuel. The
shapes are roughly categorized into three types: (1) plates and
spheroid, (2) column and (4) irregular shapes. The crystal sizes
are ranged approximately from 5 to 40 um. While Lam et al.,
reported the ice crystal shapes formed in Toluene are hexagonal
and spherical [3], this result shows that the fuel-borne ice crystal
can grow as a column or an irregular shape.

(a) Plates and irregular shapes

Sphereid

Colwmn

(b)Spherical and columnar shapes

Figure 3 Crystal shapes of fuel borne-ice

EFFECT OF COOLING RATE ON ICE CRYSTAL
FORMATION

Ice crystals formed in jet fuel with different cooling rates are
shown in Figure 4. The ice crystals formed with the cooling rate
of -1.42 °C/min (a) show plates type. The ice crystals formed
with the cooling rate of -2.27 °C/min (b) are column type. Lastly,

ice crystals formed with cooling rate of -2.53 °C/min (c) show
long drawn irregular shapes.

In the field of Atmospheric science, cooling rate determines
metastable zone width and growth rate of basal and prism planes
depends on the temperature of the environment. Similarly, the
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water dissolved in fuel might form ice crystals at different
freezing points. In the range of cooling rate -1.42 °C/min (a) and
-2.27 °C/min (b), a transition of plane growth rate between basal
and prism might occur.

In the atmosphere, irregular crystals are usually made up of
many of fine water droplets and ice crystals. They aggregate to
each other and make a secondary ice crystal. In the case of
irregular crystals, the growth rate of both planes in not biased [9].
Ice crystals formed with cooling rate of -2.53 °C/min (c) shows
long drawn irregular shapes. Considering the mechanism of
irregular ice crystal formation in the air, some particles in (c)
show aggregations of two or four ice particles and the others
show partially coalesced. However, the more general relation
between cooling rate and fuel-borne ice crystal characteristics
such as ice crystal shape, size, and growth rate should be
investigated.

EFFECT OF MAIN FLOW ON ICE CRYSTAL
FORMATION WITH VARIOUS TEMPERATURES

The main flow of fuel may catalyze the formation of ice.
Figure 5 shows the effect of the main flow of fuel on crystal
formation characteristics of fuel-borne ice with various
temperatures. Figure 5 (a) shows a hexagonal ice crystal formed
at -15 °C with 16 of Reynolds number. (b) shows the irregular
type of ice crystals formed at -25 °C with same Reynolds number
of (a). (¢) and (d) shows a number of ice crystals formed at -25 °C
with same Reynolds number of (a) and (b). The size of ice
crystals in (d) is larger than the size of those in (c).

No obvious evidence is figured out except catalyzing ice
formation. However, (e) and (f) in Figure 5 show irregular shapes
of ice crystals formed in fuel. The largest one in (e) has a
protrusion and irregular ice crystal in (f) has two protrusions.
One of the protrusions of ice crystal in (f) branches off. The
growth mechanism of irregular ice crystals should be studied.

CONCLUSION

Effects of hydro-thermal conditions on ice formation
characteristics were investigated. Crystal shapes of fuel-borne
ice were roughly classified into three types. Ice crystal shapes
with three cooling rates were observed. Water dissolved in fuel
might form ice crystals at different freezing points. In the range
of cooling rate -1.42 °C/min and -2.27 °C/min, a transition of
growth rate between basal and prism planes might occur. The
main flow of fuel may catalyze the formation of ice. The growth
mechanism of protrusion might be related to main flow.

Further studies are needed for a better understanding of ice
formation in the jet fuel. We are considering that two main
differences of fuel and air might additionally affect the
crystallization characteristics of fuel-borne ice crystal: (1) a
number of water molecules in the jet fuel are limited, (2) density
of the fuel is approximately 630 times higher than air [8]. The
results of further studies will be presented at the conference.
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(a) Ice crystals with cooling rate of -1.42 °C/min, the
magnification of 40x

(b) Ice crystals with cooling rate of -2.27 °/min, the
magnification of 40x

(c) Ice crystals with the cooling rate of -2.53 °C/min, the
magnification of 40x

Figure 4 Effect of cooling rate on ice crystal formation in jet
fuel



13th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

(a) An ice crystal formed at -15 °C, with Re=16, (d) Ice crystals formed at - 35 °C, with Re=16,
magnification of 40x magnification of 40x

. I _
(b) Ice crystals formed at -25 °C, with Re=16, (e) Ice crystals formed at - 35 °C, with Re=16,
magnification of 40x magnification of 60x

——

(c) Ice crystals formed at - 35 °C, with Re=16, () Another ice crystal formed at - 35 °C, with Re=16,
magnification of 40x magnification of 60x

Figure 5 Effect of main flow on ice formation characteristics
with various temperatures.

802



13th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

ACKNOWLEDGEMENT

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea(NRF) funded by the Ministry of Education(NRF-
2015R1D1A1A01058882).

REFERENCES

[1] AAIB, Report on the accident to Boeing 777-236ER, G-YMMM,

at London Heathrow Airport on 17 January 2008, 2010,

[2] Benjamin J. Murray, Sarah L. Broadley and G. John Morris,
Supercooling of water droplets in jet aviation fuel, Fuel, Vol. 90,2011,
pp. 433-435

[3] Joseph K.-W. Lam, Janice I. Hetherington and Mark D. Carpenter,
Ice growth in aviation jet fuel, Fuel, Vol. 113, 2013, pp. 402-406

[4] Liyun Lao, Colin Ramshaw, Hoi Yeung, Mark Carpenter, Janice
Hetherington, Joseph Kah-Wah Lam and Sarah Barley, Behaviour of
Water in Jet Fuel in a Simulated Fuel Tank, SAE International, 2011

[5] Victor F. Petrenko and Robert W. Whitworth, Physics of Ice, Oxford
University Press Inc., 2006,

[6] Vincent Noel, David M. Winker, Matthew McGill, and Paul Lawson,
Classification of particle shapes from lidar depolarization ratio in
convective ice clouds compared to in situ observations during
CRYSTAL-FACE, Journal of Geophysical Research, Vol. 109, 2004

[7] P. Barrett and B. Glennon, Characterizing the Metastable Zone
Width and Solubility Curve Using Lasentec FBRM and PVM,
Institution of Chemical Engineers, Vol. 80, 2002

[8] Coordinating Research Council, Inc., Handbook of Aviation Fuel
Properties, 2 014

[9] William P. Wergin, Albert Rango, James Foster, Eric F. Erbe and
Christopher Pooley, Irregular Snow Crystals: Structural Features as
Revealed by Low Temperature Scanning Electron Microscopy,
Scanning, Vol. 24, 2006

803




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


