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1. SCOPE

Ice formation in aircraft fuel systems results from the presence of dissolved and undissolved water in the fuel. Dissolved
water or water in solution with hydrocarbon fuels constitutes a relatively small part of the total water potential in a particular
system with the quantity dissolved being primarily dependent on the fuel temperature and the water solubility characteristics
of the fuel. One condition of undissolved water is entrained water, such as water particles suspended in the fuel as a result
of mechanical agitation of free water or conversion of dissolved water through temperature reduction. This can be
considered as analogous to an emulsion state. Another condition of undissolved water is free water which may be introduced
as a result of refueling or the settling of entrained water which collects at the bottom of a fuel tank in easily detectable
quantities separated by a continuous interface from the fuel above. Water may also be introduced as a result of condensation
from air entering a fuel tank through the vent system. Assuming good quality of uplifted fuel, vapor passing through the
aircraft vent system is a significant water introduction mechanism.

Entrained water will settle out in time under static conditions and may or may not be drained, depending on the rate at which
it is converted to free water. In general, it is not likely that all entrained water can ever be separated from fuel under field
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2.1 SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or +1 724-776-4970 (outside USA), www.sae.org.

ARP1401

ARP5794

ARP8615

Aircraft Fuel System and Component Icing Test

Fuel System Components: General Specification for

Centrifugal Aircraft Fuel Pump Requirements, Design and Testing, Aerospace Standard

French, W. and Malick, E., "Jet Fuel Anti-Icing Additives - A New Concept in Safety of Flight," SAE Technical Paper 610314,
1961, https://doi.org/10.4271/610314.
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22

U.S. Government Publications

Copies of these documents are available online at https://quicksearch.dla.mil.

MIL-F-17874

Fuel Systems: Aircraft, Installation and Test of

MIL-STD-810 Environmental Engineering Considerations and Laboratory Tests

Department of Defense Joint Services Specification Guide: JSSG-2009.

2.3  Other Publications

AAIB Report on the accident to Boeing 777-236ER, G-YMMM, at London Heathrow Airport on 17 January 2008.

Aviation Fuels, Maxwell Smith G T Forlis and (‘nmlnnny Lid., Hnnlny-ﬁn-Thnan, Qxfordshire.
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3.1 Undissolved Wate
The fuel should be maint
it is likely that the fuel is

3.2 Control Technique|
Procedures should be us

Filtration to control the
undissolved water from t

ained with no detectable undissolved water at fuel ambient temperature.
blready saturated ‘with water.

LY

d to,ensure continuous compliance with the recommendations of 3.1 at p

ation Testing of the A4D-2 and 2-N Fuel System Including the J65-Engine Fuel Control, Part No.

er 5, 1961.

Aircraft Company, Inc.,

0-826, October 1960.

hn A. Krynitshy, John W.

If free water is observed,

pint of delivery to aircraft.

contamination level of the fuel, and water coalescing type equipment

o separate and remove

he fuel should be employed in storage, handling and delivery systems to accomplish this. Even so,

it is recommended to follow the airframer and engine manufacturer maintenance procedures when testing for water

presence in fuel.

4. AIRCRAFT FUEL SYSTEMS

4.1

Anti-lcing Fuel Additive

Icing inhibitor is included by specification requirement in some military aviation fuels. It is not included in commercial aviation
fuels; however, it may be added by operators. The additive effectively lowers the freezing temperature of entrained and free
water, depending upon its percentage of concentration in the fuel. The additive is water soluble; therefore, its concentration
and effectiveness may be reduced by properly removing settled free water from low point drains. Use of the additive may
allow low point drainage of free water in cold ground operations which might otherwise be frozen.
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It should be noted that in some instances (primarily due to higher than recommended concentrations and/or poor fuel tank
drainage practices), anti-icing inhibitors have been known to create other issues in terms of handling and corrosion because
of their toxicity. Furthermore, the additive is only effective if it is properly mixed with the fuel, it should never be assumed
that the anti-icing agent will spontaneously diffuse in fuel without any mechanical mixing.

4.2  Fuel Heating

Fuel can be heated by the use of circulation and transfer pumps and heat exchangers making maximum use of available
heat. Fuel can be heated by integrating hydraulic and environmental control systems (ECS) with the fuel system, specifically
using fuel oil and fuel coolant (e.g., polyalphaolefin or PAO) heat exchangers to heat fuel. This integration of fuel thermal
management can have beneficial impacts to the overall air vehicle by minimizing waste heat and maximizing cooling of
other subsystems.

In-flight corrections in route, altitude, and air speed may be employed to control fuel temperature and avoid icing problems
associated with water in the fuel.
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Generally, empirical evidence has shown that No. 4 mesh screen or coarser is considered not subject to critical icing;
however, this would depend on and should be demonstrated for the critical operating conditions such as mission profile,
water content, and environment. Filters and screens should be selected for adequate filtration and capacity based on engine
requirements and should be subject to maintenance inspections per aircraft and engine maintenance manuals.

System components should be located, as practicable, in favorable environmental locations to best utilize available heat.
Insulation provisions may be considered where appropriate and practical.

Components should be designed to be tolerant to water and ice with provisions for water run-off and drainage of water
traps. Materials and coatings which are non-ice adhering should be used where appropriate.

Low points in fuel lines where water can collect should be avoided wherever possible. In situations where they cannot be
avoided, it is recommended that drainage provisions such as float drain valves are provided. Multiple vent system openings
to atmosphere should be located such that no pressure differential exists between them to preclude continuous circulation
of outside air which can introduce considerable quantities of water in some operating conditions. It is recommended that
both normal ground attitudes and normal flight attitudes are considered to evaluate possible water traps.
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5. FUEL SYSTEM OR COMPONENT TESTING CONSIDERATIONS

5.1  Water to Ice Evolution

Several things happen to moisture-laden fuel as the temperature is lowered, and an understanding of this helps to arrive at
proper fuel conditioning procedures and subsequent testing for icing conditions. As the temperature of fuel is lowered, the
concentration of water droplets in the fuel begins to decrease when the fuel temperature in the vicinity of 40 to 50 °F (4 to
10 °C). Therefore, to get a reliable conditioning of fuel, samples should be taken and mixing of fuel and water should be
accomplished before lowering the temperature below 40 to 50 °F (4 to 10 °C). Ice crystals begin to form as the temperature
nears the freeze point of water; however, due to impurities in the water, this normally takes place at slightly lower
temperatures (27 to 31 °F) (-3 to -1 °C). As the temperature is lowered further, the ice crystals begin to adhere to their
surroundings in the form of ice. This is known as the critical icing temperature and occurs at about 12 to 15 °F (-11 to -9 °C).
The density of the ice is approximately the same as the fuel, so any loose, floating ice will generally stay in suspension and

drift within the fuel.

At temperatures below 0|°F (-18 °C), ice crystals tend to become larger and offer a threat to plugg
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Ice formed outside the fuel system in the fuel tanks is generaly not a threat to the fuel system unless it blocks existing inlets,
fuel components, or water drain valves, but this ice can melt, leading to increased free water.

5.3 Ice Release

Ice release is a random and not well understood phenomenon due to the number of variables involved in the fuel system.
ARP1401 does not contain a standard method for ice release testing at this time. Tests performed as part of the Heathrow

investigation showed that fuel pumps, isolation valves, and other airframe fuel system components had no problem handling
released ice accretion as long at they were small enough to pass through inlet screens.
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5.4 Testing Considerations

This section provides discussion and information to consider in performing testing of fuel systems, subsystems, and
components and applies to all fuel flowing components and plumbing from fuel tank to engine, excluding engines.

The basic test considerations presented herein were derived from previously published methods recorded in MIL-F-17874.
The information provided in this AIR is intended to supplement recommended practices provided in ARP1401 which have
served the industry as a baseline from which specific test procedures have been developed for specific systems and
components. It should be noted that icing test procedures must be tailored for the system, subsystem, or component being
tested. In addition, consideration should be given to the ambient conditions (such as humidity and temperature) around the
test chamber. As such, it is important to consider the location and time of year when conducting the test in order to limit the
impacts of the environment on test results. For example, a high humidity environment could result in the unintentional
introduction of excess water into the test chamber. Care should be taken to cool the test fluid and chamber prior to testing
to minimize unintentional affects such as premature water precipitation. Continuous or intermittent operation, flow rate, and
temperature schedules should be developed to simulate actual aircraft operating conditions as closely as practical.
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the performance. For instance, for fuel pumps having inlets near the bottom of a tank, the tank bottom should represent the
aircraft tank in size, geometry, and contour, and should include ribs and stringers which might collect water. Actual aircraft
fuel tanks have been used, as well as fabricated equivalents.

The test system as well as the test fuel should have the capability of being cooled at controlled rates and maintained at
specified temperatures. Maintaining specified cooling rates and steady state test temperatures can be difficult and
reasonable tolerances are advised considering wide variations in actual aircraft operations. Closed circuit refrigeration units
with heat exchangers are commonly used for the fuel. Insulated enclosures cooled by cold nitrogen from a liquid supply
have been used to cool systems as large as a full scale wing. Care must be taken to ensure the cooling methods do not
result in accretion of ice on cooling surfaces that result in water content of the test fuel being outside the required range.
Figures 1 and 2 provide examples of how a test setup could be prepared for mixing fuel and water and chilling to the defined
test temperatures. It should be noted that these figures are for reference purposes only and are not intended to provide a
recommendation of design or assembly of the setup.
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5.6 Test Facility

The test facility supplying fuel to the test system should be designed to provide and maintain specified fuel flow rates at
specified temperatures and water concentrations. The facility and fuel delivery lines should be free of water traps and
unnecessary restrictions. Insulation on lines will help control fuel temperatures. Line sizing should be considered to maintain
fuel velocities sufficient to keep undissolved water in suspension and prevent settling in lower elevations.

Fuel conditioning and water content control can be accomplished in a number of ways, the merits of which have been widely
debated. The proof lies in accurate and consistent laboratory fuel sample water content analysis. Common water injection
methods are by atomizing water over the surface of the fuel and by simply feeding water into the suction side of a circulation
pump. The test fuel should be kept agitated by circulation to keep undissolved water in suspension and uniformly distributed
throughout the test system. One means of accomplishing this would be use of a spray bar to agitate the fuel as shown in
Figures 1 and 2.

Single pass tests, where conditioned fuel is passed through the test system once, are preferred: however, the quantity of
conditioned fuel requireq for a simulated mission of a large transport, cargo, or tanker aircraft ggn be prohibitive for most
facilities. In this case, dglivery systems which return fuel from the test system outlet to the. conditioned fuel supply are
commonly used. When guch a recirculating system is used, the conditioned fuel supply should bge as large as possible to
minimize the quantity of fecirculated fuel. Consideration should also be given to minimizing flow disturbances between the
conditioning tank and test article by minimizing the number of pipe bends, connections, and elevatjon changes. Starting the
test within a short time period (e.g., 1 hour maximum) after reaching the test temperature of thg conditioned fuel should
minimize variation in wafer concentration and mixing due to ice accretion in the~tank or precipitafjon of the water from the
fuel.

For such recirculation tgsts, care should be taken in the method and quantity by which water|is added to the system.
Excessive amounts of water introduced in the test setup could lead to,erroneous results and non-representative icing of the
test setup (e.g., during the Heathrow incident investigation tests, when pump inlets became significantly covered with ice).
In addition, care must be|taken regarding the method of water intraduction to accurately simulate water introduction via the
refuel process and/or vent system as it occurs on the aircraft. Forexample, injecting water directly jnto the feed system may
not be an accurate repregentation of water entering the aircraft fuel tanks through refueling or venting.

5.7 Laboratory Analys

[

Fuel samples for laboratqry water content analysis should be taken from points easily accessible during test. Assuming that
samples are taken from |valves, the valves should be opened and purged prior to collecting samples. Sample containers
should then be rinsed with fuel and emptiged-prior to being filled with the laboratory sample. Laboyatory sample containers
should be kept sealed until analysis is performed. Laboratory water content analysis methods may vary, some reportedly
more accurate with overgaturated fuel,“The laboratory should be consulted and advised of the pulpose of the analysis, the
condition of the fuel samples, and the‘predicted water content based on previous fuel conditioning| Consistent results in the
expected range of water [concentration establishes confidence in methods and procedures.

The standard Karl FischerMethod (per ASTM D323) is only accurate for measuring water up tq the fuel saturation level
(dissolved water). Free Wwater—when-present—must-also-be-exiracted-fromfuel-samples—hr-general though, free water is
rarely distributed homogenously, so multiple samples should be considered and a means of reconciling results established.

Lower concentrations can be expected with low temperature samples as some water will freeze on internal surfaces of the
system. Post-test water content analysis should be considered for information only unless the entire system is such that all
free water can be collected and measured.

Identifiying adequate sampling points and location is important to more accurately determine water concentration. It is
recommended to draw samples from a number of locations at both the inlet and outlet lines near the unit under test. The
sampling ports should be located at the bottom of these lines to capture water.

Consideration should be given to acceptable criteria whether all samples must be within limits or the average of all samples
must be within limits as differences in sample concentrations is likely.
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5.8 Test Fuel

The test fuel should be certified as the primary fuel expected to be used on the aircraft. Anti-icing additives should be left
out of the fuel so that a worst-case situation will be simulated unless the aircraft is restricted to using anti-icing additives
even under emergency conditions.

Test fuel may be procured from a refinery, an airport, or a specialty hydrocarbon blender. Sample analysis at the source
and at delivery should be considered since fuel contamination can occur during transit in multi-purpose tank trucks. Traces
of anti-icing additives have been detected in commercial fuels processed at facilities which also process military fuels due
to multi-purpose piping systems and tankage. If a significant quantity of anti-icing agent is present, it is recommended to
procure a batch of fuel that does not contain such additive. There are anecdotal reports of fuel washing where water is
added to attempt to remove the anti-icing additive however, experimental evidence that would allow recommendation of this
methodology has not been found. Based on available data of anti-icing additive partitioning between the aqueous and fuel
phases, relatively high ratios of water/fuel combined with high contacting efficiency would be necessary to completely extract
the additive with a fuel washing process.

The amount of water reJ:uired to saturate fuel at a given temperature varies with different-fuel”blends and with different

batches of the same ble
surfactants, aromatic cor
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Three test methods are addressed for (1) continuous system operation, (2) emergency system operation, and (3) component
operation. Each test includes three test phase temperatures. A system should be subjected to the continuous and
emergency system operation tests. The emergency system operation test is a short duration test at each temperature with
a higher water content, representative of conditions that would only exist for limited periods (e.g., 30 minutes). Individual
components may be required to be tested at a still higher water content, depending on their function and installation, if they
may be exposed to more severe icing conditions.

Caution is advised in developing icing test requirements, as overtesting often leads to invalid failures. The real aircraft
operating conditions and environment must be considered. Some test operators have chosen to combine the continuous
system operation and emergency system operation tests at the emergency operation test water concentrations. This
practice establishes a higher level of confidence in system operation in icing conditions.

The fuel system or component should be operated as intended on the aircraft for the expected duration of a typical flight
plus in-flight refuelings, if applicable. The system or component shall function throughout the test with no deterioration in
performance that would result in a flight safety hazard or compromise a mission.
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