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PREFACE

Extensive research, development, and testing of antimisting fuels have tagen place
in the United States and in the United Kingdom for over a decade. Scientists a?d
engineers have learred a great deal about the fuela: their behavior, charactgrxza—
tion, flammability, production, and their compatibility with aircraft propulsion
systems.

Most of this work has been reported in detail in individual technical reports.
This report brings the results of all the antimisting fuel work together for the
first time in a systematic manner that summarizes the highlights of the individual
< reports with comprehensive references for those who wish to learn more about the
details.

In essence, this report is a summary of an extensive body of techamical literature.
Because the technical literature is so extensive, by necessity, the summary itself
is also extensive. By the same token, the Executive Summary is longer than

normally encountered in a report cf this type in order to present all the signifi-
cant highlights in a meaningful manmer.

The reader is elso advised to read the captions under each of the illustrations
in this report where significant information is presentd about the events pictured.

The author wishes to acknowledge the major contributions made to this report by
William T. Westfield, Manager of the FAA Technical Center's Engine/Fuel Safety
Branch; Eugene P. Klueg, Antimisting Fuel Program Manager; and Bruce C. Fenton,
Assistat Program Manager. The author's task was mainly that of reporting on the
rezearch and development work directed by these three people and others who are
listed in the reference section.
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EXECUTIVE SUMMARY

Purpose. 1In 1978, the Pederal Aviastion Administration (FAA) initiated a program to
ectablish the feasibility of using entimisting additives in jet fuel to suppress
postcrash fires in impuct-survivahle accidents. The additive would have to be
effective in preventing the formation of aasily ignitable mists when fuel is

spilled from ruptured tasks and sheared by onrushing air. The additive should have

v relatively low cosr and be compatible with aircraft and airport fuel systems., If
not added to the fuel priot to being delivered to the fueling point, it would

have to be readily blendable and provide fire protection throughout the flight cycle,
beginning within 15 minutes of blending. ‘

Background. Evidence from aircraft accident investigations indicates that at least
35 percent of the fatalities in impact-survivable accidents are a direct result of
postcrash fires and the accompanying heat, smoke, and toxic gases. An estimated
135 lives on average are lost annuelly worldwide in impact-survivable sccidents
because of postcrash fires.

In many impact-survivable accidents, ruptured fuel tanks spill large amounts of
jet fuel into the onrushing air stream while the aircraft is still in motionm.
Sheared by the air, the fuel forms a fine, highly inflammable mist which can be
essily ignited by hot engine components, sparks, or other crash—generated ignition
sources. Once ignited, the fire rapidly propagates through the mist to the fuel
release point and quickly engulfs the aircraft.

In 1978, the Special Aviation Fire aud Explosion Reduction (SAFER) Advisory
Committee concluded that sntimieting kerosene (AMK) could provide the single, most
significant improvement in reducing postcrash fire hazard: and recommended expan-
sion of the AMK research then underway by the FAA. In June 1978, the United States
and the United Kingdom signed a Memorandum of Understanding (MOU) in which they
agreed tn pursue a cooperative effort to determine the feasibility of using anti-
misting additives in civil aviaticu kerosene jet fuszls. The principal participants
in this effort were the FAA and England's Royal Aircraft Establishment (RAE), which
also had been conducting research in this darea. The National Aeronautics and Space
Administration (NASA) was designated as a third party to the agreement to perform
basic research and provide technical support.

In September 1980, the FAA formulated an Engineering and Development Program Plan
on Antimisting Fuel. This plan, revised in February 1983, called for a phased
program of research and development to: (a) determire the feasibility of antimist-
ing fuel; (b) develop recommendations for its introduction and use in civil avia-
tion; (c) assess its effectiveness in a controlled impsct demonstration; and (d)
assess its economic reasonableness in support of regulatory actions. The British
antimisting additive, FM-9™, developed by Imperial Chemical Industries (ICIl) was
selected as the most promising agent then available for the study. This report is
concerned with the work performed under FAA's AMK engineering and development

program.

The accomplishments under the AMK program during the past eight years are summa-
rized below according to the major elements of the program.

AMK Characterization. FM-9 is a high molecular weight, hydrocarbon polymer. When
added to kerosene jet fuel in small amounts — 0.3 percent by weight — 1t
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suppresses the fuel's tendeacy to form a fine mist when sheared by oarushing air as
in an accident. Initially, FM-9 wae availeble only as a powder which had to be
batch blended into jet fuel with glycol and amine. It was later produced as a
slurry of FM-9 iv a glycol-amine carrier fluid which could be inline blended with
jet fuel at the fueling point. FM-9 developmert was frozen during the initial
feagibility phase of the program to provide a consistent data base for evaluating
the antimisting comcept.

Under certain conditions, Fi-9 antimisting kerosene behaves as a mon—Newtonian
fluid with complex rheological characteristics. In order to understaund and be able
to predict its behavior, FAA and its contractors undertook an extemnsive rheological
study of AMK. Initially, researchers focused on the rheological properties of
undegraded AMK that would explain its antimisting behavior. This work eventually
led to the conclusion that it was a unique viocosity property gznerated in AMK as

a result of normal stresses that was the rheological characteristic primarily
responsible for mist prevention.

A quality control test that would provide a real-time measure of undegraded

AMK's antimisting effectiveness was a major goal. The researchers investigated
methods for quantifying the viscoelasticity of undegraded AMK based on a die

svall tethnique that measures the expansion of a stream of AMK as it is ferced out
the end of a capillary tube. They refined this technique to the point where it
shows promise as a real-time quality control test,

At the cther end of the degradation spectrum, a precise method was needed for
characterizing highly degraded #MK that would provide a reliable indication of the
fuel's filterability and comwbustibility. After investigsting several analytical
techniques, Southwest Research Institute (8wRL) developed a simultaneous
filtration/degradation test that appears to be a reliable quality control test

for inline blended, highly degraded FM-9 AMK. This test, however, has not been
developed to the point where it is suitable for real-time applications.

FAA contractors also made a detailed study of AMK's heat transfer prcperties to
insure that the fuel would perform adequately in the aircraft and engine heat
exchangers. While highly degraded AMK and Jet A fuel have nearly the same heat
transfer rate, the heat transfer rate for undegraded AMK can be significantly
lower. Despite the question of the adequacy of the heat transfer properties of
undegraded AMK, no problems were encountered either in engine or flight tests. In
all the tests, the heat exchangers were downstream of the degraders. However, no

problems were experience& when the degraders were shut down, and the heat exchang-
ere had to work with undegraded AMK fuel.

AMK Flammability. The FAA developed several small~ and large-scale teat facilities
to measure the flammability characteristics of antimisting fuels under simulated
takeoff and landing conditions. The large~scale, wing~fuel spillage faciliity at
the FAA Technical Center proved to be the most realistic in simulating the condi-
tions encountered by jet fuels in impact-survivable accidents for which AMK was
developed. The small-scale tests were useful in the initial screening of antimist-
ing fuel candidates.

FAA ran over 300 tests on its wing~fuel spillage facility and developed an ignition
envelope for AMK as a function of FM-9 concentration, airspeed, fuel spillage rate,
ambient air temperature, fuel temperature, and type and location of the ignition
source. The results from these tests correlated well with the results of catapult
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Eraqh tegts of surplus military aircraft conducted b{ FAA at the Naval Air
ngineering Center. The large~ecale tests demonstrated that a 0.3 percent con.en-

tration of FM-9 in Jet A would prevent the formation of mist-generated firedalls ot
speeds up to 150 knots and would provide partial protection against fuel mist
fireballs at gpeeds up to 200 knots.

AMK Production. Early in the AMK program, researchers recognized the necessity of
plending FM-9 antimisting additives into jet fuels at the aircraft fueliug point.
Introduction of the additive at an earlier stage would incresase costs as well as
possibilities of unintentional degradation and contsminstion. ICI's development of
a slurrv of FM~9 in a glycol-amine carrier fluid made thie possible, but it was
still necessary for FAA and ite contractors to develop a practical inline blending
process.

Al liter/wminute inline blender was developed incorporating static mixing tubes in
a continuous, 3-phase flow system in which the additive is metered into the jet
fuel, dispersed, and then dissolved. The final blender that was built and used in
the prugram was a 50-125 gallon/minute unit used in the Controlled Impact Demon-
stration (CID) test. Larger, commercial size, inline blenders could be manufac-
tured using the same basic components and design.

Early in the program, sodium used in the manufacturing process of FM-9 was detected
in AMK at lavels that could significantly accelerate hot section corrosion in
turbine engines. ICI subsequently supplied FAA with sudium-free samples of FM-9
which were successfully tested on the wing-fuel spillage facility. The company
would use the sodium-free process if the demand for FM-9 were to develop.

Studies here and in England dJemonstrated that AMK developed adequate fire protec-
tion properties within 15-~20 minutes after being inline blended, provided that the
temperature and aromatic content of the base fuel were above, 0° Celsius (C) and 12
percent, respectively. Other studies showed that aromatic coatent was the only
charegcteristic of different Jet A baase fuels that had a significant effect on FM-9
polymer dissolution. For the CID test, FAA developed specifications for FM-9 AMK
and its constituents that could be readily adapted to commercial use of the fuel.

Several investigations were conducted here and in England on the effects of

water and water vapor on AMK. Bulk water makes the fuel cloudy and can cause a
white, sticky precipitate to settle out of AMK. But bulk weter can be kept out of
aircraft fuel tanks by improved fuel handling procedures. It is possible to
control the presence of hulk water in Jet A fuel during the blending process and
subsequent fueling of the inline blended AMK intco aircraft fuel tanks. The amount
of condensed or coalesced water that could get into aircraft fuel tanks under
simulated "worst case' flight conditions is too emall to cause problems.

AMK Compatibility. The FAA and RAE and their comtractors carried out several
studies on the compatilility of FM~9 AMK with individual engine components,
airframe fuel systems and components, fuel additives, tank sealants and coatings,

bladder cel! materials, and elastomers.

Of the several approved Jet A fuel additives that were investigated, only the anti-
icing agent produced a precipitate in AMK at the maximum allowable concentration.
However, because FM-9 AMK has better lubricity than Jet A snd contains approxi-
mately | percent glycol, lubricity and anti-icing additives may not be required.
Furcher gtudies in this area are warranted.



Engine and fuel system component tests showed that engines could be operated on
undegraded AMK but at a loss in efficiency and an increase in carbon monoxide and
unburned hydrocarbon emissions. For modern jet enginea to operate . fficiently on
AMK it has to be highly degraded. Researchers investigated several methcds for
degrading AMK. All resulted in a net energy loss to the engine cycle. Prototype
flight degraders were built for use on the B-720 CID aircraft and flight tested on
one engine of a CV-880. For expediency, these prototype degraders were developed
from an existing military engine centrifugal pump and were oversized for the AMK
application. In any future design, the degrader would most likely be made an
integral part of the engine fuel pump to minimize weight and energy requirements,

Other compatibility problems, mostly minor, were uncovered in these studies. For
exanple, ejector pumps and probably boost pumps would have to be redesigned to make
up for performance logses with AMK. Mesh rizes or filter area of some fine engine
filters might have to be increased. Gravity transfer and suction feed performance
fell pbelow normally accepted levels at certain conditions. However, it is believed
that these deficiencies could be remedied by minor hardware modifications or fuel
management procedure changes.

By the same token, researchers encountered problems with soluble and insolubl: gels
that require more complete explanations. The inscluble gel that occurred in FM-9
AMK during some early flight test and engine test cell work is believed to have
been caused by contamination that had accumulated in the system prior to the iatro-
duction of the AMK, which is highly detergent. Also requiring further investiga-
tion is the gel tnat forms when regular kerosene fuel is added to a system
containing residual AMK or when AMK is added to a system with residual Jet A.
Temporary, soft, soluble gels that formed on the downstream side of fine mesh
engine fuel filters did not cause operational problems and can be accommodated

by increasing the filter size or decreasing the flow velocity.

Before AMK use could be implemented in commercial aviation, long duration service
tests and evaluations would be required to answer satisfactorily these questions
on proposed changes that will have to be made in current airframe and engine
systems to accommodate antimisting fuels safely.

AMK Flight Tests. The primary objectives of the AMK flight test program were to
demonstrate the use of FM-9 antimisting kerosene fuel and a prototype degrader on
representative transport aircraft and to determine the effects of AMK on the
aircraft fuel system performance as well as fuel system effects on the AMK. The
two aircraft involved were a Convair 880 in which the No. 3 engine vwas equipped
with a degrader and fueled exclusively with AMK and the Boeing 720 CID aircraft in
which all four engines were equipped with degraders and fueled with AMK,

The flight test program was successful. Except for the insoluble gel that formed
on the CV-880 filters early in the program, the AMK and degraders performed satis-
factorily. There were no major degrader system hardwere failures or design
problems. Ground starts, altitude relights, engine accelesration/deceleration
performance were all on a par with Jet A performance. The AMK maintained its mist
suppression qualities throughout the flight test environment.

Controlled Impact Demonstration (CID). The B-720 aircraft (operating solely on
AMK), on its final flight, was to be remotely flown into the California desert for
a carefully planned survivable impact that would demonstrate AMK's fire protection
potential. The final flight deviated from the planned flight profile and exceeded
the design goals for AMK fuel.
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Because of the high yaw angle of the aircraft at impact with steel wing openers
embedded in the desert site, a major ignition scurce occurred at the fuel release
point. Initial ignition occurred when a wing opener failed the right inboard
engine. This initial fire appeared to involve lubricating oil, hydraulic fluid,
and degraded AMK. It engulfed the fuselage but went out after eight seconds
leaving the aircraft with relatively little fire damage. However, burning fuel
entered openings sliced into the lower fuselage by the wing openers and eventually
destroyed the aircraft.

While no experiment as complex as the CID can be expected to go exactly as planned,
a careful review of 20 years of accident data indicated that CID was a unique
accident. The data on the 700 accidents examined revealed no impact-survivable
accident that had all the critical elements of CID. The conclusion: If CID had
occurred as planned, in all probability the antimisting characteristics of AMK
would have prevented the postcrash fire.

Post-CID Studies. Following the impact demonstration, FAA undertook studies to
determine exactly what happened and why. It conducted a series of experiments at
the Techuical Center that were designed to duplicate the critical parameters of CID
such as high yaw angles and recirculation areas of high shear in order to determine
their effects on spilled fuel under controlled conditions.

In essence, these studies along with researchers intensive examination of the
detailed photographic data on CID confirmed that the FM-9 AMK fuel had been subjec-
ted to conditions well beyond those for which it was designed ro provide post-crash
fire protection and, based on past accident data, conditions considered extremely
unlikely to occur in impact-survivable accidents.

The tests also turned up a potentially serious problem not relevant to the CID, but
one that will require additional research in any future work on antimisting fuels.
If AMK becomes entrained in the engine exhaust where it is exposed to severe shear
forces, an extremely fine mist can result which can be readily ignited if a flame
source is present. '

Cost Considerations. Due to the present high level of air travel safety, the use
of FM-9 antimisting fuel is difficult to justify solely on an economic basis.
Economic studies for the FAA showed a low benefit-to-cost ratio. However, they
also calculated that the use of FM-9 would require only a 2 to 3 percent increase
in the price of an airline ticket. This would cover the cost of the AMK as well as
the costs for any required aircraft and airport fuel system modifications.

CONCLUSIONS

The results of eight years of development and testing indicate that antimisting
kerosene fuel would provide a very high degree of protection against postcrash
fuel mist fires in impact survivable accidents. Some additional research would
be required along with long duration service tests and evaluation. The use of
safety fuels, particularly as part of an overall systems approach, merits serious
consideration in future aviation safety technology development programs.

xii
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INTRODUCTION

Detailed studies of impact-survivable aircraft accidents indicate that apgroxi-
mately 135 lives worldwide and 21 domestically, on the average, are lost annually
becauae of post~crash fires (references 1, 66, and 73).

In June 1978, the Federal Aviation Admiunistration (FAA) and the Royal Aircraft
Establishment (RAE) signed a Memorandum of Understanding {MOU) (appendix A} in
which the United States and the United Kingdom agreed to "cooperate in the exami-
natiou, development, and testing of antimisting kerosene (AMK) fuels ani of equip~
ment related to the use of such fuels' that would provide flammability protectinn
to jet aircraft in impact-survivabie accidenis. The National Aeronautics and Space
Administration (NASA), a third party to the MOU, agreed to perform btaeic research
and provide technological support.

That same year, the FAA established the Special Aviation Fire and Explosion
Reduction (SAFER) committee to evaluate all programs designed to increase the
probability of survival in accidents involving fire. The SAFER committee concluded
that AMK fuels could provide the single most significant safety improvement for
reducing t“2 poetcrash fire hazard and recommended continuing and expanding AMK
research because of the substantial reductions in fatalities it could provide
(veference 2).

Consequertly, in conjunction with the MOU, the FAA developed a phased, 6-year
cevelopment and evaluation program with the following goals (reference 3):

o Establish the feasibility of usirg antimisting kerosene fuel.
o Develop recommendations for the introduction and use of AMK.
o Demonsrrate the effectiveness of AMK in an impact-survivable accident.

o Assess the economic reasonableness of using the fuel in support of
regulatury action.

The FAA ard RaE selscted FM-9™ (registered tradema-k of ICI), an antimisting
additive which had beezn under development sirce the early 1970s, as the most
promising candidate for this atudy. Deveioped by Imperial Chemical Industries
(ICI) and its wholly owned subsidiary, ICI Americas, FM-9 is a high molecular
weight, nydrocarbon terpolymer. At FAA's request, FM-~9 formulation changes were i
prohibited during the feasibility phase to provide a common data base that could be
used in evaluating the antimisting concept.

Initially, ICI supplied FAA and its contractors with jet fuel in which the FM-?
powder had been bauch blended in three steps. Later, ICI developed a glycol-amine
carrier fluid for the FM-9 which enabled the additive to be inline blended with jet
fuel at the poiut of use, This significantly reduced logistics problems arni
minimized ucintentional degradation. Also, it would have been unfeasible, if not
impossible, for the airlines to use FM-9 in powdered form due to operational
constraints. For their initial studies, however, it was necessary for the FAA and
its contractors to use batch-blended AMK until 1983, when it became possible to
make inline-blended fuel with the FM~92 slurry.

1
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Tre resultant antimisting kerosene fuel, Jet A with a 0.3 percent by weight
concentratior of FM-9, demonstrated impressive, fire resistance properties in
numerous small- and large-scale tests, both here and in England. When AMK is
sheared by onrushing air (as it would be when spilling from ruptured fuel tanks in
an aircraft accident), it thickens, forming large, difficult to ignite droplets
instead of the fine, readily ignitable, jet fuel mists usually gemerated in crashes
(figure 1).

After two years of intensive investigations with the FM-% additive, researchers
conciuded in November 1980 that (1) AMK was feasible; (2) it offered benefits in
the form of greatly increased resistance to postcrash fuel mist fires; and (3)
there were no rechnically unsolvable problems that would preclude its operational
use. Federal Aviation Administration (FAA) and NASA then initiated research
efforts that would lead to full-scale ground and flight tests, culminating in a
transport aircraft crash demonstration in 1984,

Before beginning the program, the FAA recognized that AMK was a high risk program -
that might not work and would not be cost beneficial in the classical sense. But
if successful, the payoff in lives saved would be high. .

nder Phase 1 of its engineering development program on AMK (reference 3), the FAA
set out to establisn the basic characteristics of AMK, namely: flammability,
rheology, degradabiiity, blending, handling, specificatious, performance, and
compatibility. Phase 1 also called for large~scale evaluation and economic studies
of AMK. (As used in chis report, AMK refers to FM-9 antimisting fuel, unless
otherwise specified.)

DISCUSSION AND RESULTS

AMK CHARACTERIZATION.

Under certain conditicns, antimisting kerosene behaves as a non-Newtonian fluid
with complex rheological characteristics. In oxrder to understand and be able to
predict its behavior and characteristics, it was necessary foc the FAA to undertake
an extensive rheological study of AMK in its degraded and undegraded state over a
breoad range of temperature and flow conditione. It was also necessary to study its
behavior as a function ol the formulation and blending procedures used in its
preparation.

"n addition to its own work on AMK characterization at the Ylechnical Center, the .
+AA sponsored research at Southwest Research Institute (SwRI), NASA's Jet Propul-

sion Laboratory (JPL), and at United Technologies Corporation's Pratt & Whituey

Aircraft Group (BWA). 1lnitial research efforts were focused on determining the .
rheological characteristics of undegraded AMK that were respousible for its anti-

misting behavior. This early work was carried out with batch-~blended fuel,.

Early rheological experiments at JPL and SwRI with capillary tube viscometers
showed that the shear viscosity of AMK increases suddenly when a critical shear
rate (1000 s~! to 3000 s”1) is exceeded (references 4 and 5). But this

increase in shear viscosity, even at shear rates well above the critical value, is
not large enough to accocunt for AMK's ability to resist atomization at airspeeds
of 15G knots and higher.

It now appears that the large extemsional viscosities (viscoelasticity) generated
in AMK as a result of normal stresses are the dominant rheological characteristic
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FIGURE 1. BREAKUP OF JET A AND AMK BY HIGH VELOCITY AIR
High velocity air breaks up stream of Jet A into fine mist (top)
but produces only a sheeting action on AMK stream (bottom) which
hangs together as ligaments and large droplets ip tescg at JPL.
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responsible for its mist prevention behavior. Studies have shown that the normal
stresses generated in AMK flows are wuch higher than the shear stresses. In
experiments at SwRI, FM~9 AMK was forced through capillary tubes at high shear
rates and over lcng shear times. As it was forced out the tip of the capillary
tube, the AMK jet swelled noticeably indicating its high viscoelasticity
(reference 6).

Tna FAA and SwRI developed methods to quantify the viscoelasticity of undegraded AMK
for use as a real-time qualiry control test of antimisting effectiveness (refer-
ences 7 and 10). This test is based on the die swell technique that measures the
expansion of the jet of AMK as it is forced out the end of the capillary tube
(figure 2).

Center enginee:s were sble to estimate the effective concentration of AMK additive

during the inline blending process using die swell data taken over a fixed range of 5
shear races at discrete time intervals (reference 7). The sensitivity of the .
concentration estimates for a given batch of slurry was determined to be within

0.02 of the nominal 0.30 percent. Moreover, the predicted concentration correlated .
well with the fuel's fire protection performence on the FAA's wing-fuel spillage "

facility (figure 3). Based on normal stress properties, the die swell appears to
be a practical, real time, quality control test for AMK.

Due to its relationship to normal stresses, the die swell test should have a better
theoretical and physical relationship to AMK's antimisting behavior than an orifice
flew cup test, which had been the primary quality conirol test recummended by ICI
for undegraded AMK (reference 8). Experiments at SwRI showed that the orifice flow
cup is essentially a viscometer that measures the shear viscosity of AMK above its
critical shear rate and, alone, is not a reliable indicator of the fuel's antimist-
ing performance.

The FAA and its contractors also worked cn the development of more precise methods
for characterizing highly degraded (low misting resistance) FM-9 AMK. The degrada-
tion level of AMK is a reliable indicator of the fuel's filterability and combusti-
bility. The standard procedure for quantifying the level of degradation initially
was a filter ratio test (reference 9). This test is & ratio of the time required
for a known quantity of AMK to flow through a nominal 17 micron, Dutch weave,
stainless steel filter to the time it takes for the same quantity of Jet A to flow
through. A value close to 1 indicates a highly degraded fuel with flow properties
similar to Jet A; 40 or above indicates a highly undegraded fuel. But the filter -
ratio test lacks the sensitivity needed for reliable indications of the filterabil-
ity of very highly degraded AMK (FR < 1.2). Consequently, FAA and its contractors

began investigating other methods fcr evaluating the properties of highly degraded ..
AMK.
Southwest Research Institue developed a small-scale, pump filtration test that .

simulated filtration conditions in an aircraft fuel system to measure the filter
plugging characteristics of intentionally degraded AMK (reference 6). In this
test, degraded AMK is forced through a small section of a paper filter or metal
screen using a variable gpeed gear pump. The pressure drop across the filter, due
to flow resistance, is measured as a function of flow time and superficial velocity
(flow rate/filter area). Below a critical flow velocity (CFV), the pressure drop
across the filter remains constant., When the superficial velocity of the flow
through the filter exceeds the CFV for that rilter, there is a sharp rise in the
pressure differential across the filter. This increase in the pressure differen-
tial results from an increase in viscosity and, possibly, from the formation of a
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FIGURE 2. PICTURE AND SCHEMATIC OF DIE SWELL RHEOMETER
FAA engineer (top) uses die swell rheometesr to measure shear viscosity and
die swell of AMK samples at high shear rates. Schematic of die swell

apparatus is shown (bottcm).
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transient, shear-induced gel on the downstream side of the filter. For batch-
blended AMK, the pump filtration test can be used to predict the filter plugging
characteristics of highly degraded AMK. PFor inline blended AMK, however, the pump
filtration test requires an equilibration periocd that would preclude its use as a
real-time quality control test.

A simultaneous filtration/degradation test developed by SwRI, shows promise as a
real-time quality control measure for inline-blended, highly degraded AMK (refer-
ences 10 and 11). 1In special apparatus developed by SwRI, inline blended AMK is
forced through a needle valve under high pressure (1000 tc 5000 psi) and irwedi-
ately flows through a small section of metal screen or paper filter. The pressure
drop across the filter is then measured as a function of time to determine the
critical velocity for the filter. Using this test, SwWRI found that freshly
blended AMK is only slightly more resistant to degradation than fully equilibrated
AMK and develops satisfactory mist fire protection within 30 minutes of blending.
This prototype test, however, has not been developed to the point where it is
suitable for real-time applications.

Working under a NASA contract, PWA developed the transiticn velocity test, which is
uted in conjunction with gel permeation chromatography (GPC) to predict the filter-
ability of highly degraded, batch~-blended AMK (reference 12). Transition velocity
is a more sensitive test than filter ratio. The average velocity of AMK flowing
through an 18 wmicron filter ies plotted against the vacuum applied downstream of the
filter. The point at which the slope of the plot changes ie defined as the transi-
tion velocity. However, transition velocity is not expected to be a reliable
indicator of filterability for inline blended AMK. Nor is it suitable for real-
time use.

The FAA and SwRI also evaluated gel permeation chromatography as a characterization
test for highly degraded AMK (references 13, 14, and 15). It was able to discrimi-
nate among different samples of highly degraded AMK. But it was not able to
predict the filterability of even highly degraded AMK — due to the presence of
small amounts of undegraded or partially degraded FM-9 polymer — a8 well as the
pump filtration test could. Moreover, because of the time required to run the
test, GPC is not suitable as a real-time quality control test for inline blended
AMK.

HEAT TRANSFER PROPERTIES.

The FAA contractors also made a detailed study of the heat transfer properties of
AMK to insure that aircraft and engine heat exchangers would perform satisfactorily
with the PM-Y antimisting fuel.

In its study, PWA determined the heat transfer coefficient of batch~-blended AMK by
flowing it through a single pass, single concentric aluminum tube heat exchanger
similar to the type used in its JT8D turbofan engine (references 12 and 13). To
degrade the fuel, PWA passed it through the JT8D fuel pump one or more times. PWA
results showed that at low flow ratazs, the heat transfer coefficients of degraded
AMK and Jet A were almost identical (figure 4). At higher flow rates (150 kg/
hour), the degraded AMK heat transfer coefficient was about 10 perceat lower than
that of Jet A but still considered marginally acceptable for use in engine heat
exchengers. PWA considered the heat transfer characteristics of undegraded AMK
unacceptable. The FAA, however, encountered no problems with the heat transfer
characteristics of degraded or undegraded AMK during flight tests and engine test
cell work.
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FIGURE 4. AMK HEAT TRANSFER GRAPH

Heat ‘ranvfer properties of highly degraded (3-pass) AMK closely
approximated those of Jet A in tests at Pratt & Whitney

JPL undertook generalized flow and heat transfer experiments to define the flow
behavior of FM-9 AMK (re.::~nce 16). The JPL work was also done with batch-blended
fuels at different leve.- ¢V degradation. In addition, JPL used different
concentrations of the FM~3 additive and measured heat transfer characteristics over
a range of fuel temperatures from 20° Celaius (C) to 40° C. JPL also did flow
vigsualization studies to determine whether the flows were laminar, transitional or

turbulent.

Researchers at JPL concluded that the flow and heat transfer behavior of AMK can be .

divided into three regions: Newtonian laminar region, shear-thickening region, and
drag reducing turbulent region. At low flow rates, AMK behaves as a Newtonian

fluid with constant viscosity at a given temperature and has a heat transfer
coefficient equivalent to Jet A, At a certain, critical, wall shear rate, which
depends on the fuel temperature and additive concentration, shear thickening occurs
and causes a large increase in skin friction and heat transfexv rates. The shear
thickening and increase in skin friction and heat transfer rates were not observed
in low polymer concentrations (0.1 percent) or in partially degraded AMK. In the
drag reducing turbulent region, skin friction and heat transfer rstes dropped
rapidly, falling below the predicted Newtonian values and resulting in a lower heat

transfer capability than Jet A.
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AMK FLAMMABILITY.

Rheology also plays a dominant role in the antimisting performance of AMK. The

major effect of the antimisring additive on jet fuel flammability is rheological
rather then chemical. The additive inhibits the fuel's tendency to fora a fine,
readily ignitable mist under sh2ar end promotes the formation of large droplets

which are more difficult to vaporize and ignite, ‘

The FAA has developed 8 variety of test facilities to measure the flaomability
characteristice of antimisting fueis under various simulated takeoff and landing
crash conditions. These include the FAA's large-scale, wing-fuel spillage test
facility and the omall-gcale, Flammability Comparison Test Apparatus (FCTA), JPL's
miniwing spillage test unit end its epray charvacterization/image enhancement
system, SwRl's spinning diek test, and the Naval Air Engineering Center's (NAEC)
large-scale, aircraft crash test catapults.

While a1l of these flammability teat units provide meaningful informatiovn, the
FAA's large-scale, wing-fuel spillage test facility is the most realie-

tic in simulating the conditions encountered by jet fuel in impact-survivable
accidents (reference 17) with the exception of the NAEC catapult tests. This
facility usas the fan discharge air from a atationary turbofan engine to drive an
augnentor. The high volume, high speed airflow from the augmentor flews over a
wing section at speeds up to 200 ¥rots. Nominally, 85 gallons of AMK from a
pressurized tank are piped at 20 gallons/second intc the wing section and out
through an orifice in its lesding edge. The discharge from the sugmentor blows the
fuel back over and under the airfoil. A propane torch underneath the airfoil
serves as the ignition socurce. High speed camersas record ignition and flame
propagation characteristics.

The FAA rescarchers rean more than 300 tests on the wing~fuel spillage rig and
developed an ignition envelope for AMK as a function of FM-9 concentration, air-
speed, fuel spillage rate, ambient ai+ temperature, fuel temperature, and location,
type and intensity of the ignition source (references 17 and 18). The results from
these tests, conducted with both inline~ and batch-blended AMK, showed that a 0.3
percent concentration of FM-9 in Jet A will prevent the growtk of nict-generated
fireballs at speeds up to 150 knots.

Fuel ignition existed unly as localized flame intensification at the ignition
source witk small, seif-extinguishing fireballs aft of the airfoil. There was no
mist flashback or flame propagation. Even at eimulaeted airspeeds above 150 knots,
AMK fireballs -— urlike those of Jet A — propagated relatively slowly, and the
flemes did not propagate upstresm to the simulated tank rupture. These results
indicated that a 0.3 percent concentration of FM~9 in Jet A would protect an
aircraft from fuel mist fires at impact spceds up to 150 knots and provide partial
protection &t speeds up to 200 knots.

To validate the results from the wing-fuel spillage tests, the FAA conducted a
series of large-scale, catapult crash tests with surplus military aircraft at the
Naval Air Engineering Center (references 19, 20, and 21). 1In these tests, the
aircraft fueled with AMK or Jet A were accelerated along a 7,500-foot track by a
jet pusher car and impacted into a prepared crash site (figure 5). Igniticn
sources were placed in the impact area and on the teet aircraft. The results from
the catapult crash tests and the wing-fuel spillage tests showed good correlation,
reinforcing confidence in the wing-fuel spillage test am a valid indicator of AMK's
effectiveness.
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FIGURE 5. CATAPULT CRASH TEST
Results of catapult crash tests of AMK in obsolete military aircraft

correlated well with wing—-fuel spillage test results. When fire
occurred, it didn't propagate forward to fuel release pcint.
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Under an FAA contract, Falcon Research & Development Company attempted to establish
correlations among the results of the different flammability tests (reference 12),
Falcou found that large- and full-scale crash simulations provided creditable data
for an antimisting fuel. Small-scale flammability tests were generally effective
for screening antimisting fuels and yielded repeatable data. But the recults from
different small-scale tests didn't correlate well with each other nor with the
results from large—scale flammability tests. Nevertheless, the small-scale tests
were useful to researchers for evaluating specific characteristics of antimisting
fuels (reference 8).

Results of tests on JPL's miniwing shear apparatus correlated with large-scale test
results from the wing-fuel spillage rig and catapult test tracks, according to JPL
researchers. Designed to generate controlled fuel sprays, the miniwing shear
apparatus provided a steady-state simulation of a fuel spill during an airplane
crash (reference 9). As in FAA's wing-fuel spillage facility, fuel was ejected
from the leading edge of an airfoil and blown back over the airfoil by a free-jet
wind tunrel. An oxyacetylene torch served as the ignition source.

The JPL researchers used the miniwing shear apparatus to gtudy mist formation and
flammability of FM-9 AMK at different levels of degradation and over a range of
simulated airspeeds from 40 to 160 knots. Initially, the correlation of test
resulte from the miniwing facility with those from the wing-fuel spillage rig was
poor. Subsequently, JPL modified its miniwing shear apparatus by inctreasing the
intensity of the ignition source, thereby improving the correlation of test results
with those from the FAA's wing-fuel spillage facility.

They conducted several tests to determine the conditions under which a stable,
self-supporting flame could be established near the fuel release point following
exposure to a transient ignition source. Using flame anchoring as an absolnte
pass—fail criterion, JPL researchers conducted tests with Jet A, undegraded AMK,
and different levels of degraded AMK. They varied airspeed, fuel flow rates and
the intensity of the ignition sourcee (an electrical spark and an oxyacetylene
torch).

Results of the JPL tests confirmed that AMK flammability increased with the

level of degradation. For Jet A, an electrical spark of 0.067 kw was sufficient to
ignite the fuel and produce a self-supporting flame at airspeeds as low as 39
knots. But AMK containing 0.3 percent FM-9 couldn't he ignited by an electrical
spark. Even with an oxyacetylene torch of 90 kw, JPL couldn't achieve ignition at
simulated airspeeds up to 156 knots ard fuel flow rates up to 10 gal/min. Wwhen
AMK ignition was achieved, the flame was not self-supporting once the ignition
source was turned off (reference 9).

These tests showed that if the ignition source was intense erough, all fuels would
ignite, Over the range of conditions used in the JPL tests, fuel misting proper-
ties and Aerodynamics determined whether or not the flame was self-supporting, once
ignition wae achieved. Self-sustaining flame anchoring iu the wake of a bluff body
depended on free stream airspeed and the fuel's rheological properties and was
independent of the initial ignition source intensity. It should be noted that JPL
was unable to ignite 0.3 percent FM-9 AMK at apeeds up to !55 knots during the
cyiinder flame anchoring tests even at the highest acetylene flow rate in the
ignition torch. They then decided to use degraded AMK in the tests to determine
the pass-fail boundary as a function of airspeed and the degree of degradation.

il
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In its fuel spray characterization work, JPL used the miniwing shear facility to
generate controllable fuel sprays for computer eshanced, photographic analysis.

The gpray characterization was based on digital analysis of high resolutionm, wide
field spray images formed under pulsed ruby laser sheet illumination (reference 9).

With this technique, JPL was able to measure fuel droplet size distribution and
concentration at different fuel flow rates.

This work showed that droplet size distribution was not affected by fuel flow rate
but did decrease as airspeed increased. At high airspeeds, the fuel became more
finely atomized and flaawmability increased. Researchers at JPL demonstrated that

mist flammability was a function of the Sauter Mean Diameter (SMD) of the fuei
droplets. Antimisting kerosene-air mixtures conteining fuel droplets with an SMD
of 500 microns or more showed a sharp reduction in flammability. They quantified

the flammability of flowing fuel droplet-air mixtures by directly measuring the
temperature rise in a flame established in the wake of a continuous ignition

source., .

They also investigated flame spread across a pool of AMK (reference 9). In an .
impact survivable accident, this can be the critical determinant in the time

available for the safe evacuation of paseengers. Tests showed no significant

differences between the flame spread rates of Jet A and FM~9 AMK across pooled

fuel. BRoth fliame spread retes increased with the depth of the fuel layer. When

the depth of the fuel lzyer was increased from 1/8 inch to 3/4 inch, the flame

spread rate increased from 2 cm/s to 3.5 cm/s. In fuel pooled over a porous

substrate of saturated sand, the flame spread rate for AMK was slightly slower than

for Jet A — .41 cm/e versus .53 cm/s.

Results {rom the spinning disk flammability tester developed by SwRI showed good
correlation with the results from FAA's wing-fuel epillage tests when measuring
flammability of AMK as a function of FM-9 concentration snd simulated air speed or
c¢isk velocity (reference 6). In other areas such as the effect of amine in the
carrier fluid on AMK flammability, the spinning disk results did not correlate with
the vesults of other flammability tests.

In order to provile its contractors with a standard, small-scale, flammability
tester, the FAA Technical Center developed the Flammability Comparison Test
Apparatus. Five units were made and calibrated for use in the AMK program
(references 22 and 24). In the FCTA, compressed air was released through a sonic
orifice. Fuel was injected intn the air stream and carried over a propane torch
(figure 6).

Regsulte of FCTA tests indicated that the maximum hea% output depends on a combina-
tion of airepeed and fuel flow rate (refecence 8). The FCTA served as a good
standard test device for screening antimisting fuel candidates.

In its atomization and flammability study, JPL found that ewgll-scale, flammability
tests on units such as the FCTA and the miniwing shear apparatus yielded only an
upper bound to the antimisting behavior of AMK (reference 23). In an actual crash,
there may be finer misting of a larger proportion of the spilled fuel. The small-
scale tests were generally misleading in that they indicated greater fire suppres-
sion capability for AMK than the large-acale tests, such as the wing-fuel spillage
tests and the catapult tests. The relationships between the small-scale tests and
the large~scale tests are shown in figure 7.
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FIGURE 6. FLAMMABILITY COMPARISON TEST APPARATUS
Flammability Comparison Test Apparatus (top), shown with schematic (bottom), was
used by FAA and its contractors as a standard

test device for screening antimisting
fuel candidates.
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FIGURE 7. CHART SHOWING RELATIONSHIPS OF DIFFERENT FUEL FLAMMABILITY TESTS
Chart prepared by JPL shows the relationship of results from different fuel
flammability tests used in AMK program. Weber Number and Aerodynamic
Deborah Number are the variables which most affect the external aerodynamics
of fuel atomization.

WATER COMPATIBILITY.

If water is added to a tamk containing FM~9 AMK fuel, a true solution of water in
AMK may occur (reference 26). As more water is added, a micrn~emulsion can form in
which the particles of water are usually too small to scatter light. Additional
water generates coarse droplets and then, a bulk water phase. These phases can
occur in combination. The last phase, however, hae occurred only in the laboratory
and under conditions which were more axtreme than worst case flight conditions.

In its study on the effects of water and water vapor on AMK, JPL found that the
uptake of water in AMK could be as high as 1,300 ppm at 20° Celsius (reference 27).
By comparison, Jet A will hold 56 to 120 ppm at a saturation temperature of 23° C.
The way water is irtvoduced into AMK can determine the type and volume of the
second phase. Under static conditions, more than 250-300 ppm water are needed

to iniiiate the formation of &n insoluble second phase. If the fuel surface is
cold, water vapor can produce a precipitate at 150-200 ppm at the fuel-air inter-
face where the local concentration of water is mach higher than 200 ppm.

The investigation by JPL showed that the amount of water dissolved in AMK was
critically dependent upon external agitation. Therefore, the water absorption
limits should be accepted with caution because they probably represent the extreme
apper limits. Under realistic conditions, the amount of water which gets absorbed
will depend upon local agitation and time.
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In addition to water entering the fuel tanks during flight, the most likely sources
of water that could come into contact with AMK are free water present in Jet A
storage and transfer units and water accidentally introduced into aircraft fuel
tanks (reference 8). Large amounts of free water, from ! to 5 percent, will cause
precipitates to form in AMK and must be avoided through good housekeeping proce-
dures, particularly during ground handling and fueling. (Many of the studies on
the incompatibility of AMK with free water were done with batch-blended antimisting
fuel, but the results appear to be valid for inline-blended AMK as well.)

While water-induced gels in AMK are a recognized phenomenon, there is disagreement
over their significance to aircraft operations. In its study of the compatibility
of batch-blended AMK with the DC-10/KC-10 fucl system, Douglas Aircraft added water
in the form of steam to AMK to produce a total dissolved water content of 250-300
ppm (reference 28). Drops of water collected on a plastic film covering the fuel
tank and dropped into the AMK causing a local white contamination which dispersed
within one minute. When the AMK was stirred, the contamination dispersed immedi-
ately. Upon completion of the water test, Douglas removed and examined the boost
pumps used in the test and found no gel or water contaminetion. Douglas con-
cluded that the small amounts of water would not create any compatibility problems
with AMK.

The presence of water in AMK was considered a potentially serious problem by Pratt
& Wnitney Aircraft (reference 12). Whenever free water was present in AMK, PWA
reported, it caused polymer precipitation. The water-induced precipitate clogged
filters and was not reversible during subsequent heating cycles. In its initial
laboratory deicing test, PWA added water to undegraded, batch—-blended AMK to
produce a total water content of 210 ppm. After the AMK was degraded, it was
passed through a 40-micron filter. Ice formed on the filter causing a pressure
rise. The pressure buildup disappeared when the filter was warmed to room
temperature.

Then PWA followed its initial test with a full-scale, deicing rig test. A white
precipitate formed on the filter paper and couldn't be dissolved by the deicing
heater. Subsequent analysis of the AMK showed that the water content had risen to
1,000 ppm, much of which was free water. Pratt & Whitney Aircraft repcated the
laboratory test with AMK containing an average of 211 ppm of water in solution.

Ice again formed and clogged the 40-micron filter but disappeared upon being heated
to 43° C, the typical deicing temperatur: for the JT8D engine, during the first
three icing cyclee. On subsequent cycling, the pressure did not return to the
original value owing to what PWA believed tc be the formation of a flow—induced
(rather than water-induced) gel in the AMK.

The FAA believes the validity of these results is questionable because of the pro-
cedures used by PWA in its tests. No aircraft would encounter this much water in
regular operation, nor would degraded AMK come into contact with free water as in
the PWA tests. The results from the Boeing tests on water vapor ingestion under
simulated flight conditions were considered more realisti. and indicated no water-
AMK problems.

In its evaluation of AMK under simulated flight conditions, Boeing conducted
several tests on water and water vapor ingestion under worst case conditions. The
purpose of these tests was to determine what happens to AMK if czirborne water is
introduced into the fuel tank ullaze through the vent system during aircraft
descent through a region of extremely high humidity. The tests demcnstrated that
the amount of water (approximately 200 ppm) which might accumulate in the fuel
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during repeated descents through water—saturated clouds had no adverge effects on
the AMK in the tank. Consequently, Bsoeing reported, ingestion of water vapor in
stoounts that could he expected in worst case airline service did not appear to
cauese special problems with AMK.

MATERIAL AND CHEMICAL COMPATIBILITY.

Compatibility tests on tank sealants and coatings, fuel tank bladder cell materials
and fuel system elastomers in contact with antimisting fuels made with FM-9
revealed n¢ problems.

Product Research and Chemical Corporation soaked specimens of its polysulfide
sealants and polyurzthane coatings in FM-9 AMK at 140° Fahrenheit (F) for 70 days
and detected no adverse effects (reference 29). Goodyear Aerospace ran FM-9 AMK
compatibility tests on its Vithane BTC69 and nitrile BTCl17 bladder matcrials.

Results of these tests showed that the reactions of these materials with AMK were .

less severe than their reactions with fluids used in military specification tests
(reference 30). .

Pratt & Whitney Aircraft conducted compatibility tests of FM-Y AMK with typical
fuel system elastomers — butadiene rubber and fluorosilicone rubber. They

soaked the elastomers in FM-9 AMK for six months and periodically inspected them.
At the end of the six month test, PWA found no crack or material crazing in any of
the test specimens (reference 12). The mesasured mechanical properties stabilized
after one week of soaking.

They also investigated the compatibility of FM-9 AMK with different chemical
additives routinely used in jer fuels (reference 12). These were: Hitec E515, a
corrosion inhibiter/lubricity agent; JFAS, a thermal stability improver; Biobar JF,
a biocide; ethylene glycol-monomethyl ether, an anti-icing agent; and N,N'-disali-
cylidene 1,2-propane-diamine, a metal deactivator. All additives except the
anti-icing agent were blended with undegraded, batch-blended AMK in amounts 10
times those normally nsed and then observed for five days. The anti-icing agent
was tested at the recommended allowance.

The metal deactivator produced no observable reaction. The corrosion inhibitor/

lubricity agent showed a slight turbidity after one day. The thermal stability

additive produced a small amount of particulate precipitate after four days as did

the Jet A control sample. The anti-icing agent produced a lacy deposit. The .
biocide deposited a film on the wall of the test vessel after four days.

In a second test, PWA blended the additives with undegraded AMK in the recommended .
allowable amounts. The anti-icing agent was the only one to produce a precipitate,

a lacy deposit as in the first test. The metal deactivator formed a small amount

of precipitate iu the control sample of Jet A but produced nothing in the aMK.

Pratt & Whitney also measured the effect of AMK on light, copper turrings for 48
hours. Test results indica.rd that copper was more reactive with AMK than with Jet
A. However, brunze parts of a fuel pump used for more than 100 hours in the
program showed no adverse effects from AMK, whether this would be significant over
the long term is unknown. In its fuel analysis and quality control tests, PWA
measured 3.4 to 3.7 ppm of sodium in six blends of AMK. These levels of sodium
would appreciably accelerate hot-section corrosion in a jet engine. However,
Imperial Chemical Industries informed the FAA that it planned to change the process
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used in making FM-9 powder in order to eliminate the sodium (reference 31).
Samples of scdium-free AMK were later provided by ICI and tested by FAA on the

Technical Center wing-fuel spillage facility. The sodium-frce AMK provided the
same fire protection capability as the regular AMK.

An investigation was undertaken by ICI into AMK's coumpatibility with let A (refer-
ence 32). In earlier laboratory and field test work, both FAA and ICI encountered
a gel that formed when AMK came into countact with residuai Jet A or when Jet A was
added to AMK. They reported that when the mixed fuel was used in a small pump-
degrader system, gel could be formed due to shearing action. There appeared to be
no problem when the AMK proportion was greatey than 50 percent or if the dilution
was done with degraded AMK or Jet A treated with glycol. Both ICI and FAA agreed
that this gel formation due to shearing mixtures of Jet A and (less than 50 per~
cent) AMK posed a potentially sericus operational problem and would require further
study.

ALTERNATE ADDITIVES.

For the AMK development program, the FAA had asked ICI to freeze the formuia for
its antimisting slurry in August 1983. The composition cgreed to at that time was
a 25 percent concentration of ¥M~9 in a glycol amine carzier fluid. This was the
formulation that was used in the subsequent developaent and test programs in the
United States and United Kingdom, On its own, ICI continued to develop new Fi-9
compositions. The FAA und its contractors tested some of of the new ICI composi-~
tions as well as additives supplied by Arco, Conoco, and Dow (references 33 and
34). A polyisobutylene produced by BASF was also tested as part of work on a
cryofracturing blending process. No large-scale flammability tests were run on the
polyisobutvlene because of i*s known low temperature pumpability problems.

The Arco, Conoco and Dow additives passed the laboratory-scale FCTA tests and were
tested cn the large-scale, wing-fuel spillage facility. The Conocc and Arco
edditives showed sufficient fire protection potential to warrant further testing
with regard to their cold flow and pumpability characteristics. Low temperature
pumpability tests on the Arco and Conoco additives using a small Cessna 441 boost
punp (reference 34) were run by JPL. Both additives displayed unacceptable low
temperature pumpability. But JPL also found that the low temperature pumpability
of inline blended FiM~9 AMil was unacceptable with the small Cessna boost pump.
Using a DC-10 boost pump with a much higher flow rate, JPL obtained ccceptable low
temperature pumpability results with FM-9, indicating that pump size or configura-
tion has an yet undefined effect. Similar results in the DC~10 boost pump

might be obtained with the Arco and Comnoco additives.

AMK PRODUCTION.

Ecrly in the AMK program, researchers recognized the desirability of blending
antimisting additives into jet fuel at the aircraft fueling point (refervences 35
and 36). Introduction of the additive at an earlier stage would iucrease costs,
uniantentional degradacion, and the possibility of contamination (reference 37).

But it was not until late 1983 that FM~9 antimisting addictive became available as a
slurry suitable for iniine bLlending.

The slurry developed by ICI ccnsisted of 25 percent (by weight) FM-9 powder
dispersed in 4 carrier fluid of glycol, amine, and water. Prioc to this rime, FAA
and its contractors worked with batch-blended AMK (Jet A mixed with FM-9) supplied
by the manufacturer, or they blended AMK using FM-9 powder supplied by ICI. The
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batch-blended 0.3 percent FM-9 AMK comprised 0.3 percent (by weight) FM-9 polymer,
0.6 percent (by weight) glycol/amine carrier fluid, and 99.1 percent (by weight)

Jgt A.

Most of the rheological and characterization data on AMK resulted from the early

work with batch-blended fuels. Researcherc later found that certain AMK charac-

teristics such as filterability and low temperature pumpability differed signifi-
cantly in batch-blended and inline-blended AMK (references 10 and 38).

The FAA and its contractors worked extemsively ou the development &nd optimization
of inline blending of AMK (references 39, 40, and 41). Thi+ work yielded four
inline blenders with capacities of 1 liter/minute, 10 gallon/minute, 25 gallon/
minute and 50-125 gallon/minute (figure 8). All the blenders fellow the pame

basic design. To insure precise flow contxol, a variable speed, progressive cavity
pump is used to pump and meter the FM-9 slurry. The metered slurry is injected
into the Jet A stream immediately upstream of the static mixing tube, Jet A is
supplied to a flow control device by an external pump in the 125 gal/min blender.
The flow controller, over a limited pressure range, automatically adjusts to
chenges in system and inlet pressures to assure a constant, preset flow rate.

After the FM~9 slurry is added to the Jet A stream, the blended fuel passes through
static mixing tubes. These tubes rely on a combination of high fluid Reynolds
number and fluid residence time to blend the slurry and Jet A into a homogenous
fluid. The degree of dispersion and blending achisved by the static mixing tubes
determines the antimisting polymer's dissolution in the Jet A and, therefore, is an
important factor in blending high quality AMK fuel. The properties of the slurry
-—— chemical and physical — are also an important factor in determining the

quality of the blended antimisting fuel.

Based on its experience gained in this program, FAA established the specifications
shown in table 1 for inline blended FM~9 AMX (reference 42). Work by JPL with
différent Jet A base fuels showed thst only the fuel's aromatic content siguifi-
cantly impacted the final characteristics of the blended antimisting {uel
(veference 39).

TABLE 1. AMK SPECIFICATIONS

FM~9 Polymer 0.30% + 0.02% By Weight (ASTM D 381)
Clarity* 20 Ntu (Max.)

Orifice Flow Cup* 2.5 M1/30 Sec. (Max.)

Filter Ratio* 35-100

Total Water 230 PPM Max. (ASTM D 1744-64)
Appearance Uniforu; No Visible Sediuent
Stability 6 Months (Hin.)

Jet A Base Fuel Commeccial Grade (ASTM D 165%

Aromatics 12% {Min.)
Total Water 80 PPM Max.
(ASTM D 1744-64)

*#30 Minutes After Blending
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FIGURY 8. PICTURE AND SCHEMATIC OF INLINE BLENDER
Largest of the four ialine bienders developed by FAA ard ite contractors,
tiue 50-125 gallons/minute unit (top) was vsed to blend AMK for the CID
B-729 aircraft. All blenders worked on the same principles illustrated
by the schematic (bottom).
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ICI Americas produced Avgard™ (registered tradwark of ICI) slurry in 240~pound
(maximum) batches and delivered it in sesled containers holding 40 pounds of
slurry. ICI provided an analyais for each batch of slurry that had to meet the
specifications listed ia table 1.

Blending studies by the RAE and JPL demonstrated that freshly inline blended FM-9
AMK fuel developed sdequate fire resistance after a 15 to 20 minute aging period,
provided that the temperature at blending and the aromatic content of the fuel were
not too low (references 8 and 39). When the temperature was below 0° C and the
aromatic content of the base fuel was below 12 percent, polymer particles tended to
settle out.

In some early studies, filter ratio results indicated that freshly inline-blended

FM-? AMK appeared to be more difficuilt to degrade than batch-blended fuel, which

had time to equilibrate (references 43, 44, and 45). Both JPL and SwRI, for

example, degraded samples of the equilibrated batch-blended and freshly inline- .
blended FM~9 AMK and then conducted filter ratic tests on the degraded fuel samplee .
after they had cooled to ambient temperature. The inline-blended fuel samples

yielded filter ratios 10 to 20 timee higher than the batch-blended samples.

Degpite the differences in their filter ratios, in simultaneous degradation- “
filtration tests, all the fuel samples passed through square mesh, metal fiiters of

40 to 200 microns without plugging. Filter ratio measurements don't always give a

valid indication of fuel degradebility. In its characterization of degraded AMK,

JPL noted that often with freshly blended AMK there would be undissolved polymer

that was not degraded (reference 45). Consequently, if filter ratio tests on these

samples were not run within one minute after degradation, the undegraded polymers

would swell, producing high filter ratio readings.

ICI and others worked on ways of accelerating the dissolution of the FM-9
antimisting polymer in jet fuel in efforts to reduce the equilibration time and the
power required to degrade inline-blended AMK (references 33 and 45). In March
1983, ICI developed a new slurry with a higher solid loading that had excellent
disgolution properties. In teats at FAA, ICI, and the RAE, AMK fuel made from this
slurry successfully demonstratec fire resistance properties and degradability
within 15 minutes of blending. Because the slurry was available only in limited
quantities, it was not used in FAA's full-scale validation program.

The FAA sponsored studies at JPL on the effects of different base fuels on the

properties and performance of antimisting fuels (reference 39). Researchers from

JPL found significant differences in & limited sampling of the Jet A base fuels. .
But with the exception of aromatic content, which had to be at least 12 percent,

these variations did not significantly affect AMK characteristics.

A study was conducted by JPL for the FAA on the problems associated with inline
blending AMK at different base fuel temperatures (reference 47). Using a l liter/
min blender, JPL researchers made a series of AMK blends with the Jet A base fuel
at different temperatures from -35° € to 40° C. From these tests, JPL corcluded
that the optimum blending temperature range for AMK was between 0° C and 30° C.
When blended with a base fuel above 3G° C, AMK lost some of its fire protection
capabilities; and above 33° C, it lost all fire protection properties. The JPL
researchers also found that whea AMK was blended at temperatures below 0° C,

the dissolution rate for the polymer was too slow for the fuel to develop antimist-
ing properties within the goal of 15 to 20 minutes after blending.
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In another FAA sponsored study, General Technology Applications, Inc. (GTA),
investigated its cryofracturing process as a method for rapidly dissolving anti-
misting additives in Jet A (reference 33). This process used a hammer mill cooled
by liquid nitrogen to break intramolecular bonde and produce active surfaces on
polymer particles which would interact with liquid hydrocarbons to accelerate
dissolution. The process worked well in blending Jet A and Oppenol B-230, a high
molecular weight polyisobutylene polymer with time dependent sclubility and anti-
misting properties. But attempts to blend Jet A and FM-9, which was supplied as a
fine powder, were unsuccessful.

AMK DEGRADATION.

As part of the AMK safety work, FAA demonstrated in limited tests that jet engines
could operate on undegraded antimisting fuel. But studies in the United States and
United Kingdom clearly showed that for modern jet engines to start and to operate
efficiently and cleanly on AMK, the FM-9 antimisting polymer must be highly
degraded to restore the AMK as closely as possaible to Jet A properties prior to
combustion.

The relationship among degradation levels, fuel atomization and combustion e¢ffi-
ciency and stability were investigated by JPL (reference 48). Their researchers
used a fuel nozzle from & PWA JT8D engine to produce AMK sprays at flow ratees
corresponding to engine ignition, idle, cruise, and takeoff conditicns. They
tested Jet A (FK = 1), undegraded AMK (FR = 30), and degraded AMK with filter
raetios of 1.2, 1.3, 1.5, 1.6, 6.6 and 20.

At all power settings, JPL found that combustion efficiencies decreased with
increases in filter ratio. Also, unburned hydrocarbons and carbon monoxide
emissions increased with incresases in filter ratio and droplet sizes. For AMX,
with a 1.2 filter ratio at idle, combustion efficiency dropped to 99 percent from
99.3 percent with Jet A. Combustion efficiency dropped further to 97.9 percent
when the filter ratio rose tc 1.5. These results confirmed those obtained earlier
by PWA and Lucas Aerospace (references 13 and 49).

The FAA and RAE and their contractors investigated various methods for degrading
AMK. All of them produced a net energy loss to the engine cycle. In any future
designs, however, the degrader would be designed as an integral part of the engine
fuel pump and control system to keep weight and energy penalties to a minimum,

In work for the RAE, Plessey Aercspace Ltd. developed a combined pump-degrader }
based on the BP 240 main engine fuel pump from the Phantom-Spey aircraft (refer-
ences 50 and 51). Plessey tested the unit at rotational speeds of 5,000 to 12,000 ‘
rpm and &t fuel flow rates from 0.505 to 1.26 liters/s. At a specific power of 63 !
kw/liter, it degraded AMK in a single pass to 1.4 filter ratio from 24. The large (
power requirement of the pump-~degrader led Plessey to conclude that a syatems
approach would be highly desirable in order to take advantage of the degradation
provided by other components such as boost pumps.

?1eooe¥, along with PWA and JPL, investigated nommechanical means for degrading AMK
including ultraviolet light, catalysis, ultrpsonics, lasers, cavitation and centri-
fuges. Plessey concluded that the nonmechanical methods were ineffective, too
a!ow, or not suitable for aircraft operations (reference 50). Commercial cavita-
tlon.dev1ces were used by PWA to degrade AMK successfully, but size &nd power
requirements precluded their use in aircraft (reference 12). Both PWA and United
Technologies Research Center believe, however, that AMK can be degraded adequately
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with o multistage cavitating venturi based on results of tests with a single-stage
unit ?refercnce §2).

In the United States, SwRl developed a i ' ¢-mechanical degrader that used a vari-
able flow pump to raise AMK to high pressv.c 7 000-4,000 psi) s&nd force the fuel
through flow restrictors —- packed beads, w.cu \iue¢ng or & needle valve — to
degrade the antimisting polywer (reference 6). ®i vt l:: with batch-blended fuel,
SwRl was able to achieve filter ratioes of 1.2 iv. ¢ +ivply pase through its degrader
at ¢ specific degrader power of 15 kw/liter (refexs-.c 53..

The SwRl degrader used an axial piston pump from a TFI{ 2i3.ne driven by a 50 hp
electric nogor through a magnetic coupling device. A n*¢il: 1rlve, located immedi-

ately downstream of the pump, acted as a variable area or.{.c: 0 maintain a
constant pressure drop over a wide range of fuel flow rates. T e sseced limitation
of the electric motor restricted the maximum flow rate to abo:t .,>0? kg/hour,
which represented cruise conditions for the JT8D commercial engi e,

With this degrader, SwRI evaluated the filtration performance of dryraied AMK with
filters from the JT8D and CF6 engines. The filters were located immediaceiy down-
stream of the needie velve degrader. The results showed that AMK degradce at a
specific power of 21 kw/liter could flow through these filters under cruise condi-
tions at pressures close to those for Jet A. The results remained virtval.y cle
same vwhen degrader specific power was reduced to 14 kw/liter. But when tke
tempersture was lowered below 0° C, specific degreder power had to be increased

to 29 kw/liter to produce satisfactory filter performance (reference 6).

In later work with inline-blended AMK, SwRI found that it appeared to be more
difficult to degrade freshly inline-blended fuel than equilibrated batch-blendec
fuel (reference 11). At the same specific power, the needle valve degrader
achieved a filter ratio of 10 for the inline-blended fuel and 1.2 for the equili-
brated batch-blended fuel. But critical velocity measurements made by SwRI in it
degradation-filtration tests indicated that the inline-blended AMK was only
slightly more resistant to degradation than the fully equilibrated batch-blended
AMK. As discussed earlier in the section on AMK production, indicated filter
ratios for freshly inline-blended AMK are misleading.

For its degradation studies, JPL used a needle valve degrader similar to one used
by SwRI (reference 54). It demonstrated that fresh, inline-blended AMK could be
degraded and filtered through a 325 mesh wash flow filter within 20 minutes of
blending at 20° C. A specific degrader power of 27.6 kw/liter was used. Pressure
drop across the degrader was 4,000 psi. But when the temperature was lowered to
-20° C, the AMK, degraded at the same specific power of 27.6 kw/liter, failed the
filterability test. ot

In later work on the degradation of cold, freshly inline-blended AMK, JPL modified
the degrader by adding a recirculation loop, a bypass loop heater, and a counter-
flow heat exchanger to heat the incoming, cold AMK (reference 47). These modifi~
cations, according to JPL, greatly improved the low tenperature performance of the
degrader. For a 38 percent recirculation and a 4,000 psi pressure drop across the
needle valve, the degraier power requirement was 44 kw/liter.

General Electric (GE) developed a prototype flight degrader for the FAA based on

the high speed, augmentor centrifugal pump for its military F101 engine (references
55 and 56). In bench tests, the GE unit degraded inline~blended AMK to high levels
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(FR = 1.2) over a full range of flow conditions. The specific fuel consumption
penalty for engine gear box power to operate the pump-degrader, according to GE,
would be relatively low. The unit was flown on the MNo. 3 engine of the CV-880
flight test vehicle (figure 9) aud was used on all four engines of the Controlled
Impact Dewonstration (CID) B-720 zircraft (figure 10).

The test conditions specified for the GE degrader were based on the requirements of
the GE CJ805 and the PWA JT3C engines used, respectively, in the CV-880 and B-720.
in terms of flow capecity, the GE/F101 pump-degrader was considerably oversized for
the CV-880 engine, which required up to 30 gal/min, maximum. (The only high speed,
centrifugal puwp immediately available, the FI10l sugmentor pump was designed for a
210 gal/min fiow rate on jet fuel.) Consequently, the power required to operate
this degrader was considerably higher than it would be for a degrader specifically
designed for the application. General Electric estimated that a new, high speed,
centrifugal pump-degrader designed for its CF6-80 would require an input pewer of
only 25.7 shp at cruise compared to the 41 shp required for the gear pump currently
uged on this engine {reference 55).

UNDEGRADED AMK PERFORMANCE.

Prior to the impact demonstration, the FAA Technical Center conducted several
engine tests on undegraded AMK fuel (references 57, 58, and 59). The engines were
started on Jet A fuel and then switched to undegraded AMK without any operational
problems. In one test, an engine ran continuously on undegraded AMK for approxi-
mately three hours. The engines were able to operate at rated thrust despite
significant reductions in efficiencies which resulted apparently from the poor
atomization of the undegraded fuel. Test results showed increases in thrust
specific fuel consumption as high as 7 percent for engines operating at cruise
conditions on undegraded AMK.

The FAA Technical Center ran a series of ground teasts in 1982 using & YTF30-Pl
engine fueled with batch-blended, undegraded FM-9 AMK (references 57 and 58). The
engine's afterburner was replaced with a straight, conical exhaust collector and
nozzle. In each test run, the eungine was started and brought to idle on Jet A and
then switched over to undegraded AMK. Tre engine was operated from idle to full
power with accelerations and decelerations for a total running time of 2 hours and
57 minutes.

Following the initial run on undegraded AMK, the engine's thermodynamic performance
deteriorated somewhat. The high pressure compressor had to be operated a* higher
speed to achieve the same pressure ratio; and the speed match between the high and
low pressure rotors shifted. Turbine discharge temperatures also increased,
indicating a possible deteriorated turbine condition; and the manifold pressure
produced at a given drive speed dropped. These conditions are believed to have
resulted from the shear thickening characteristics of AMK which produced poor
nozzle spray patterns, with the flame front moving closer to the turbine inlet
stages.

In support of the CID, the FAA Technical Center conducted tests with a PWA JT3C-6
engine operating on inline-blended, undegraded AMK (reference 59). The engine's
fuel control system was modified to correspoend to the more stringent conditicns of
the JT3C-7 engines installed in the B-720 CID aircraft. The tests were designed to
duplicate the conditions expected during the final CID flight to determine what
would happen if the engine degraders failed. A total of 1,348 gallons of AMK were
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biended directly into the B-707 wing tank of an integrated, aircraft fuel system
rig at the Technical Center and then fed to the engine in the test cell by the wing
tank boost pump. The engine, which was started and shut down nn Jet A, operated on
the undegraded AMK for 2 hours and 17 minutes.

Pretest and posttest calibrations of the engine on Jet A for these tests showed no
significant differences in engine operating characteristics. The speed match

between the high and low pressure compressors remsfined the same as did pumping
characteristics and fuel flow requirements. Nor were there any significant differ-

ences in the engine's acceleration-deceleration characteristics before and after

the test on undegraded AMK. No operational problems were encountered during the

simuleted CID mission or during a subsequent one hour endurance run on undegraded

AMK. Differential pressures across the fuel filters did rise but stabilized. .
Following the tests, all fuel filters were removed and examined. All were clean

and showed no trace of contamination or gel. However, no teardown inspections

were conducted. <

Prior to the CID simulation, the Technical Center, in 1982 and 1983, had accumula-

ted approximately one and a half hours experience running two PWA J60-P-6 engines .
on uindegraded, batch~blended AMK. The engines were started on Jet A, then switched -
to undegraded fuel at idle before being run up to ¢ruise power. No operational

problems were encountered. The two J60 engines were then mounted on the aft fuse-

lage of a svrplus RB-66 aircraft that was crash tested on a& Naval Air Engineering

Center catapult in April 1983 (reference 21).

LOW TEMPERATURE BEHAVIOR.

Because jet fuel is routinely exposed to extremely low temperatures in aircraft
wing tanks during flight as well as in above ground fuel storage tanks in some
northern countries, FAA contractors studied AMK's low temperature behavior.

The Boeing fCompany studied the use of AMK in airframe fuel systems and in certain
critical engine components (reference 60). Boeing used a 50-gallon B-747 wing
tank, cold fuel simulator for environmenial and component tests (figure 11). For
the long term (2-hour) performance tests, the Boeing Fuels Laboratory assembled a
simularted B-767 aircraft fuel feed systen.

Boeing began its test program with batch-blended fuel but awitched to inline-

blended AMK when it bLecame available. For blending and degrading the antimisting

fuel, Boeing used a 25-gal/min blender and the SwRI needle valve degrader, -
both supplied by the FAA Technical Center,

Boeing's test plan called for the study and evaluation of the following: <.

o Differences between AMK and Jet A on a simvlated, commercial, airplane
flight under worst case, low temperature conditions.

o Effects of repeated thermal ~ycling and airframe motion on the antimisting
characteristics of AMK.

o Effecte of water and water vapor ingestion on AMK under worst case humidity
conditions during flight.

> Performance of production, fuel system components such as boost pumps, jet
pumps, engine driven pumnps, and capacitance quantity gauges with AMK.
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FIGURE 11. INTERIOR OF COLD FUEL SIMULATOR TANK
Drawing shows the interior of the 50-gallon cold fuel simulator tank used

by the Boeing Company to conduct low temperature, dynamic simulation tests
on AMK,

o Continuous, long-time performarce of a commercial aircraft boost pump with
cold AMK.

Later, the FAA added the following secondary objectives to the Boeing program:
. o Power requirements for degrading AMK at low temperatures.

o Long-term performance of typical, engine, fuel feed system filters with cold
AMK .

Bocing compared the bulk fuel cooldown rate of AMK with that of Jet A and found no
major differences in the thermal responses of the two fuels. At -40° C, Boeing
noted, the Jet A turned an opaque yellow while the AMK remained clear. During
boost pump operation, semitransparent strands of gel formed on the free surface of
AMK and on the interior surfaces of the tank at temperatures of -20° C and below.
A result of the boost pump vapor discharge jet interacting wi-h the AMK, the
strands of gel dissolved back into the fuel as temperatures approached ambient and
never interfered with boost pump operation.
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Boeing observed the formation and disappcarance of similar, transparent strings of
gel during its thermal cycling tests. Visual inspection of the fuel tank after it
was drained showed no gel deposits on the interior surfaces. Designed to determine
the effects of repeated thermal and dynamic cycling on the antimisting characteris-
tics of AMK, the tests showed that AMK retained its antimisting properties after
exposure to a severe, low temperature, flight profile with and without slosh and
vibration, and even after repeated S-hour thermal cycles between 55° C and -60° C
skin temperatures. (When the skin temperature was -60° C, ‘the bulk fuel tempera-

AY

ture was ~-48" C.)

Boeing concluded that the antimisting properties of AMK are not adversely affected
by low temperature exposure nor by normal airplane flight dynamics and vibration
exposure.

Existing heat transfer calculation methods can be used to calculate AMK tempera-
tures in fuel tanks, according to Boeing. When subjected to low temperature
enviromments, AMK displayed essentially the same thermal respense as Jet A. This
means that existing models used to analyze buoyantly driven (free convection) heat
transfer properties of Jet A can be applied to the same systems operating with AMK.
This finding is contrary to that fer forced convection, Boeing said, where AMK is a
less effective heat transfer medium.

Boeing also empirically developed vertical tank temperature profiles for Jet A and
AMK, These profiles were generally the same. Boeing also found that the bulk fuel
cooldown rates of AMK and Jet A showed no major differences in thermal response.

Overall, Boeing reported that its environmental and ‘component performance tests
revealed no insurmountable problems with airframe fuel system components operated
with AMK over the temperature range and number of cycles studies. Boeing did
encounter problems with airframe suction feed, jet pump performance and engine fuel
filters. These problems are discussed later under '"Component Compatibility."

JPL investigated the low temperature behavior of both batch- and inline-blended
AMK (references 27, 38, and 54). 1In its early work with batch-blended AMK, JPL
observed that a relatively stable, shear-induced g=1 formed in AMK at -30° C,
causing a reduction in flow performance. Their researchers also noted that water
vapor irom humid air condensed and froze on the surface of cold fuel. When the
cold fuel was AMK, the condensation-freezing process could result in polymer
separation and the formation of a white precipitate which floated on the surface of
the AMFK. Although these results caused concern initially among JPL researchers,
they never did materialize as serious problems in the lab's later work with a low
temperatuce simulator and inline~blended fuel or in operational use iu the CV-880
aircraft.

For its low temperature studies of inline-blended AMK, JPL used a 50-gallon, wing
tank simulator in which the top and bottom surfaces were cooled by the circulation
of chilled methanol. The cooling process was controlled to maintain the bottom
surface temperature close to one of the three temperatures (~40° C, -45° C, and
-50° C) selected for the tests. The cooldown process took five and a half hours
during which 12 temperatures were recorded every 10 minutes. The cooldown and
freezing behavior of AMK and the Jet A base fuels at the selected temperatures
were evaluated and compared by JPL.

28

i B e A e s ML AL A MR L AR Shm s A

¢ e )



T e e

From these tests, JPL establisted vertical temperature profiles for the different
AMK ard Jet A samples (reference 38). The results of these tests showed that AMK
cooled somewhat more slowly than Je: A and thdt the amount of cold €uel holdup
(amount of fuel left in the tank) was slightly less in the case of AMK. Rocking
the simulated wing tank, said JPL, did not eignificantly alter the cooldown or
freczing behavior of the fuels. It also undertook an evalustion and comparison
of the performaance of fuel boost pumps with low temperature AMK and Jet A. The
results of this work are discusaed later in the "Component Compatibility" zectien.

Using a needle valve degrader with a 4,000 psi differential, JPL dugraded inline-
blended AMK at 20° C within 12 minutes &nd successfully passed¢ it through a 325-
mesh screen without plugging. However, when the fuel was cooled to -22° C, the

. filter screen plugged immediately (reference 61). For inline blending of AMK, JPL
. reported thet the base jet fuel should be between 5° C and 30° C. With base fuel
below 5° C, AMK takes 45 minutes or longer to develop adequate fire protection. If
- blended with fuel above 30° C, AMK loses its antimisting properties.

COMPONENT COMPATIBILLTY.

The FAA and the Royal Aircraft Establisbment conducted extensive testing on the
compat ihility of AMK with esircraft and engine fuel systems aud components. (All of
these tests were of limited duration, however, and a service test and evaluation
program would be needed to identify any loag term operational problems.)

The Boeing program emphasized fuei system component operation at simulated environ-
mental extremes (referaznce 60). The AMK fuel was exposed to severe low temperature
flight profiles with slosb and vibration, repeated thermal cycling, a “worst case"
vent/ullage water vapor environment, succion feed at cold temperatures and altitude
extremes, and boost pump delivery at ceold fuel temperature extremes.

In the case of its B-747 main boost pump, Boeing found that the pump performed
satisfacterily with AMK at ambient, -20° C and -40° C. At all temperatures, the
pump required more power tc pump AMK than Jet A. But as the temperature decreased,
pumping efficiency increased with AMK and decreased with Jet A. The temporary
appearance of gel due to the interaction betlween the vapor/liquid discharge jet and
the surrounding AMK caused no problems.

To get more data on boost pump operation than was possible with the limited
capacity of its 50-gallon cold fuel simulator, Boeing conducted a 2-hour endurance
test on a simulated B-747 feed system using 2,000 gallons of fuel at the tempera-
ture desired. In this test, Boeing used a 3-747 override boost pump similar to the
main bcost pump but with higher capacity and pressure output. This time, the pump
used approximately the same pcwer to pump AMK as Jet A at ambient and at -20° C and
less at ~40° C. The reason for this anomaly, Boeing suggested, might be the higher
pressure and flow rate developed by the override pump compared to the main boost

pump.

During the 2-hour endurance test with AMK, Boeling observed gel formations on the
downstream side cf the filters used in the feed system simulator: a JVv8D fuel
control wash filter, & JT9D interstage filter, and a CF6 low pressure cartridge
filter, There was a slight pressure rise across the interstage and washflow
filters at ambient temperature; a higher pressure rise at -20° C; and at -40° C,
the filters bypassed within a few minutes. The experii.ental needle valve degrader
used by Boeing for the tests was noft deeignad for use with low temperature AMK,
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With a suitable dwgrader, it is unlikely that Boeing would have encountered the
gel huildup ou the dowmstream side of the filters.

Soeing alsv rem cold fuel performance tests on a jet pump used in the B-747 to
scavenge water frum low points in the main fuel tanks. Jet pump performance was
substani ially lover with AMK than with Jet A at ambient temperature and at -20° C
and approximately the same at ~40° C. Wwhile AMK'e high sffinity for water may
elirinate the need for a continuous water scavenge system, jet pumps will continue
to be used in some aircraft for fuel transfer as well as water scavenge egud would

probably have to be redesigned for AMK applicatiors.

In its investigation of jet pump performance with AMK, JPL used mostly batch-
blende¢d fuel and, later, a limited amount of work wes doune with irline-blended AMK
curing a performence improvement study (reference 62). Results of JPL's investiga-

tion were similar to those of Boeing. They found that jet pump performance with .

undegraded AMK was reduced as much as 50 percent compared to its perforuance with .
Jet A. The cause of this poor performaunce, according to JPL, is the suppression of

turbulent mixing by AMK. They also Zound that jet pump performance with AMK .

impxoved at lewer temperatures. )

To improve jet puip performance with AMK, JPL suggested that the length of the
constant area section of the pump be increased by a factor of four tc provide a
mixing chamber length-to-~diameter ratio of 20:1 compared to the present ratio of 5
or 6:1 used in jet pumps. With increased mixiug chamber length, JPL obtained a 15
percent improvement in mass transfer rate at a 2 psi pressure head. An alternative
aporoach would be to use larger jet pumps. They also found that priming jet pumps
with AMK was more sluggish thanm with Jet A, Air bubbles became trapped in the
lires, and the pump was slow ¢o start.

As part of this program, JPL researchers evaluated the effect of water ingestion by
jet pumps on performance and on the physical characteristics of AMK (reference 62).
They operated a jet pump at an induced flow rate of 0.5 gallons/minute and a total
flow rate of 1.5 gallons/minutes. At a water tlow rate of 2 cc/sec., this produced
a water concentration oI 6.3 percent ia the induced flow line and 2.1 percent in
the total flow line. Despite the higher concentration in the induced flow line,
the water remained in the form of small droplets. But in the total flow line,
phase separation occurred. A white precipitate formed en the inside surface of

the pipe and was carried into the collecting tank.

The tests showed that large amounts of bulk water could be in contact with AMK
without forming a precipitate or emulaion. Once the water-AMK mixture entered the
pump, however, lerge amovnts of precipitate formed as a result of the pump's
agitation or mixing action. Although this precipitate did not impair pump perform-
ance or the fuel's antimisting property, the long term accumulation of this
precipitate might yffect other fuel system components end warrants further study.

In early tests, Lockheed-Georgia Company used a full-scale C-i4l aircraft fuel
system simulator to evaluate system and component performance with FM~9 AMK which
was batch blended without carrier fluid (reference 63). Lockheed simulated a
typical aircraft flight profile with the tank-to~engine fuel feed system operating.

In addition to the fuel feed system, Lockheed evaluated the tank gnantity gauging
system sccuracy, tank refue! valve operation and fuel transfer, ejection pump

performance.
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Results of the Lockheed testes showed that AMK was compatihle with capacitance
gauges and did not introduce any errors into the measurement system. Ude of AMK
did reduce the performance of the fuel tank boost and ejector pumps. Although the
engine fuel pump nperated satisfactorily without a degrader, the engine's l0-micren
filter was bypassed during simulated takcoff and cruisz fuel flow conditions duo to
a pressuve buildup acrocs the filter of more than 12 psi. Post-test irspection cof
tne filter showed no accumulation of AMK gel or foreign matter. Lockheed tests
also showed increases in fuel transfer and fuel level control valve closing

times with AMK.

Douglas Aircraft Company evaluated the use of AMK using a KC-10/DC-10 fuel

system simulator (reference 28). Working with batch~blended AMK, Dougias ran four
simulated flights, a simulated aerial refueling, and tested the effects of water in
a tank of AMK. All the KC-10/DC-10 tests were conducted at sea level, umbieunt
temperatures. The AMK fuel reduced the performance of some fuel subaystems but

tolerated the presence of water.

In the Douglas tests, bcost pump performance with AMK was below that with Jet A,
There was some AMK degradation due to the boost pump, but this decreased as the
flow rate through the boost pump increased. However, Douglas reported, even at low
flow rates (high degradation), AMK retazined good antimisting chararteristics. The
test results also showed that jet transfer and scavenge pumps performed more
poorly with AMK. The scavenge jet puup produced unintentional degradation of
virgin AMK, and because of the current DC~10 fuel systexm design, caused mixing of
highly degraded fuel with virgin AMK. Minor chauges in the design of the fucl
system could minimize the wiring of the fuel, and use of a larger jet pump could
make up for performance losses. Moreover, AMK's ability to hold large amounts of
water could elininate the need for the continuous scavenge system in the DC-10.

The lower performance of the boost pumps on AMK could mean that scme high flow rate
requizements such as those needed for dumping tuel or for feeding two engines from
one pump might not be met.

The makeup flow from the boost pump, while aighly degraded, was acceptabls for |
initiating flow of AMK through the gravity transfer valve in the Douglas test
without probleme and with minimel degradatioa (reference 28). However, the rate of
gravity flow was about 25 perceut lower with AMK then with Jet A and would necessi-
tate greater use of the iet pump transfer system. Actuation times for the float
switches and float valves were the gawe with AMK and Jet A,

Douglas also ran an engine feed system test to determine the flow characveristics
of the system during sea level and altitude operations using pressure fesd and
suction feed. In the pressure feed performance test, boost pump performance
decreased with AMK, and the pgreatest degradation occurred at the low flow rate

condition.

The system met flow and pressure requirements to the maximum certified altitude for
the DC-10 and KC-10 (42,000 feet) with tank boost pumps operating. In the suction
feed climb test, the engine pump cavitated at 31,000 feet altitude with AMK but

delivered the required flow.

Douglas simulated fueling operations with batch-blended AMK con its DC-10 fill rig.
Compared to Jet A, AMK had slower flow rat.s and longer system response times.

31

e R O G U L S B e AN N R e 74 O P R o o iAo

R




—-ra -~ Y T R YW MY 4 O VLA S

¥Fill valve actuation and shutoff were wlso slover with AMI. The shutoff delay

¥ produced larger cvershoot volumes, and this would reduce useable fuel tank volume
- due to the need to paintain expansion space requirementa. Unless modifications
-8 were made, this could lsad to lounger aiverzft turnaround times.

In addition to the fill system and feed oystem tests, Douglas engineers took AMK
through four flight cycles on the DC-10/KC-10 fuel system simulator to determine
the fuei qualities at the fuel tank, engine fuel pump inlet and incerstage for a

typical flight (reference 28). Fach cycle cunsisted of takeotf, cliamb, cruise,
and descent gnd landing. The AMX samples from the fucl tank showed good fire
protection characteristics. It rctained most of its fire protection capability
throughout the simulated mission. The DC~10 engine feed system, however, degraded
the AMK to the point wheve antiwmieting properties were somewhat diminished. The
engine fuel pump further degraded the fuel.

For the most part, Boeing's later work with inline-blended AMK fuel in a simulated .
aixcraft fuel system confirmed Douglac’'« fiadings. Both programs demonstrated that

the FM-9 AMK fuel retained its mist suppression properties when exposea to airframe

fuel gyatem operatium at flight envelope and environmental extremes. The AMK fuel .
reduced the performance of some fuel subsystems — jet pump transfer, gravity

transfer, asuction feed and Loost pump feed — below normally accepted levels under

certain conditions. Such deficiencies, it is believed, could be remedied either by

minor hardware changes or changes im fuel management procedures.

As part of its evaluation of AMK's compatibility with aircraft fuel systems, the
FAA had Simmonds Precision Products conduct a literature sesrch on commercial
aircraft and helicopter fuel system designs (xeference $4). The study focused on
those components considered the most likely to encounter problems with AMK. The
study alsc focused on pnlymer degradation and system operational sefety. Simmonds
concluded that further study of jet ejector pumps was warranted due to their
extensive use in aircraft fuel systems and to their anticipated pcor performance

with undegraded AMK.

The company did not consider unintentional degradation of AMK by boost pumps to be

a problem. Nor should the coarse screen filters used in most aircraft fuel systems

prove to be a problem. But the fine, micron size filters used in auxiliary power

units (APU's) and in some aircraft fuel systems would require additional study

under actual operatiug counditions. Simmonds also corcluded that APU's should be

tested with degraders to insure that they can perform satisfactorily with AMK. -
Heat exchangers which transfer heat to static or near static AMK should not experi-

ence performance losses, said the company; but jet engine fuel nozzles would have

to be redesigned to produce better spray patterns for more efficient combustion of ..
undegraded AMK.

ENGINE COMPATIBILITY.

As part of the United States effort, Pratt & Whitney Aircraft conducted a 2-year
technical assessment of the use of AMK in the commercial JT8D turbofan engine fuel
system. The tests were conducted with batch~blended FM~9 AMK (references 12 and
13). The Royal Aircraft Esteblishment sponsored similar studies in the United
Kingdom with Luces Aerospace Ltd. Lucas evaluatad the performance of an ancular
comhustor from the Rolls-Royce high bypass ratio RB 211 engine anc three different
fuel injectors with batch-blended FM-9 AMK (references 4Y and 65). Later,
additional data on engine performance with inline-blended FM-9 AMK were provided by
che ground and flight tests of the CV-880 and 3-720 CID aircraft.
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In gencral, both PWA and Lucas found that AMK had to be highly degraded prior to
combustion in order to gchieve maximum operating efficiencies and minimum carbon
monoxide and unburned hydrocarbon emissions. Neither cowpany uncovered any unsolv-—
able problem, but both stressed the need for endurance testing (750-1,000 hours) to
determine the long term effects, if any, of AMK on critical engine component
performance and reliability.

The sensitivity of combustion performaance to the degrsadation level of AMK was
particularly evident at idle conditioms in the Lucas tests (figure 12). For these
tests, Lucas used ar 8) degree -sector of an RB 211 annular combustor. With highly
degraded AMK (FR = 1.2), combustion efficiency at idle dropped to 97.33 percent
from 98.10 percent with Jat A. With le2ss highly degraded AMK (FR = 2.9), combus-
tion efficiencies dropped below 90 percent. At cruize conditions, Lucas obtained
the same combustion efficiencies (99.97 percent) for highly degraded AMK (FR = 1.2)
and Jet A. With AMK having a FR = 2.2, combustiun efficiency at cruise dropped to
99.93 percent. At these seme conditions, there was no apparent change in the
thermal gradient patterns at the combustor exit (figare 13).

The minor patternator variatious produced by the standard JT8D injector with
partially degraded AMK (FR = 3), PWA reported in reference 12, indicated that
existing fuel nozzles would be adequate with antimiscing fuels, if improved
degradatiou methods were made available (figure 14).

Lucas obtained simiiar resulte from its evaluation of fuel injectors with AMK
(reference 65). The company tested a Spey duplex irjector, an RB 211 airspray
injector and a Lucas fan spray injector with AMK degraded to three different
{unepecified) levels at fuel flow rates corresponding to ignition, ground idle, and
full load. AMK produced larger droplets and coarser spray than Jet A. Only the
fan spray injactor produced atomization adequate for proper combustion, Lucas
noted, and further deterioration in droplet size could be expected at low operating
temperatures. Cowbustion tests at the relevant conditions are needed to determine
the level of Jegradation requived for trouble free combustion, according to

Lacas.

Both the CV-830 flight test aircraft and the B-720 CID aircraft provided valusble
data on engine performance with inline-blended and degraded AMK (FR = 1.2-2.0). In
addition to flying succesefully with AMK, these aircraft demonstrated that jet
engines can be started on degraded AMK and relighted on it at altitudes between
10,000 feet and 30,000 feet at Mach 0.5-0.6.

AMK FLIGHT TESTS.

The first aircraft to fly with an engine operating on FM~% AMK was the Convair 880
flight test vehicle with the Genersl Electric prototype flight degrader (reference
56). The centrifugal pump-degrader was installed on the No. 3 engine which was
fueled with AMK from the No. 3 wing tank. The aircraft's other three engines
operated on Jet A. The Nc. 2 engine was instrumented to serve as the reference
engine for the No. 3 engire.

Because of time constraints, GE used existing hardware as the foundation for the
prototype degrader, namely: the augamentor centrifugal pump from its F10l1 military
engine and an auxiliary power unit air turbine motcr from the C-5A aircraft. A
throttling valve from GE's F404 engine fuel system was used to reduce the fuel
pressure to levels acreptable for the CV-880 main engine fuel pump. Excess fuel
was recirculated to the degrader inlet through a heat exchanger (figure 15).
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FIGURE 13. RB 211 COMBUSTOR SEGMENT RADIAL TEMPERATURE GRADIENTS
Tests run by Lucas Aerospace on an 80-degree segnent of a RB 211 combustor
with Jet A, partially degraded AMK and fully degraded AMK show insignificant
differences in radial temperature gradients of the three fuels at idle, cruise

and takeoff conditions.
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FIGURE 14. FUEL NOZZLE SPRAY PATTERNS WITH AMK AND JET A
Injector spray tests conducted by Pratt & Whitney with three different nozzles
using Jet A and AMK showed AMK would have to be highly degraed to approach the
atomization level of Jet A. Top row shows spray patteras obtained with a JTED
bill-of-material nozzle at cruise conditions. Middle row shows spray patterns
produced by JTED low emission nozzle at cruise conditions. Spray patterns
obtained with an air-boost nozzle at cruise conditious are shown in the bottom row.
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FIGURE 15. FUEL FLOW SCHEMATIC FOR CV-880 DEGRADER
Drawing shows the fuel flow arrangement for the prototype degrader
installed on the No.3 engine of the CV-880 flight test aircraft.
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The same basic prototype degrader was installed on all four engines of the E-720
CID asircraft (figure 16). Hardware selection and installation locations were
driven by expediency, not by considered design. 1In the CV-880, the air—fuel heat
exchangier was located in the euvironmental contvol system bay; in the B-720, in
underwing pods. The degrader in the (V-880 was located on the bottom of the
engine; in the B-720, they were installed on the tops of the enginas. In produg-
tion systems, the degrader could be integrated with the main engine fuel pump to
reduce weight and power reguirements. Except for additional instrumentation, no
modifications ware made to the engine fuel syutems downstream of the degraders.

GCeneral Electric installed the degrader on the No. 3 engine of the CV-880 in
January 1984. On February 10, the plane took off from Miami using Jet A in all
four engines. At 10,000 feet, the No. 3 engine was switched to AMK and operated
for 77 minutes before being switched back to Jet A for the landing. The aircraft
accumulated 30 hours of flight time and 15 hours of ground test time on AMK.

The objectives of the CV-880 flight test program were t¢ use a representative *
comnercial aircraft to determine the effects of AMK on aircraft fuel system per-

formance, the effect of fuel systems and flight environment on the quality of AMK,

and the installation and operational requirements for a prototype flight degrader -
(references 56 and 66). Although the CV-880 is no longer used by U.S. airlines,

the airframe and engine fuel gystems are considered representative of current
aircraft systems.

The program was successful, providing the technical data and the design refinements
necessary for the installation and operation of the four prototype degraders used
in the B-720 CID aircraft (references 67 and 68). Specifically, the CV-880 engine
ground runs and 14 flight tests demonstrated the following:

o Successful degrader operation on AMK for 45 hours with no major hardware
or design problems.

o Flight and ground tests of engine and degrader run successfully over the
range of fuel temperatures from 0° F to 90° F.

o Acceptable ground starting at 50° F to 90° F fuel temperatures.

o Successful altitude relight with AMK at 10,000 feet to 30,000 feet ~— game
as Jet A.

o Engine acceleration/deceleration on AMK at 10,000 feet to 46,000
feet -~ same as Jet A

0 Fuel samples from degrader discharge line showed AMK to be highly
degraded.

o Fuel sample from No. 3 tank indicated high mist suppression
potential maintained throughout flight.

o Freshly inline~blended AMK successfully degraded within 15 minutes
of blending.
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FIGURE 16. FUEL FLOW SCHEMATIC FCR B-720 DEGRADER
Drawing shows the fuel system installation and instrumentatinmn for

the prototype AMK degraders installed on the four
CID aircraft.
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At the start of the CV-~-880 AMK program, an insnluble gel foraed on the engine and
degrader fuel system filters and screens in several ground and flight tests.
Because the gel problem did not occur during the final 26 hours of the program, the
degrader was absolved of any blame. The problem also had occurred earlier in RAE
tests of AMK in a Spey engine and in FAA Technical Center tests of a JT3C engine.
Dirt and contaminaatg, which may have accumulated in the system prior to the
introduction of AMK, are considered the probable cause of the gel because FM-9 AMK
is highly detergent. But the problem needs more study to provide a definitive
explanation of these gel cccurrences.

In the course of the CV-880C AMK program, the degrader was intentionally shut down
inflight while operating on AMK. There was a step increase in the differential
pressures across the engine fuel filters, but the engine continued to operate
norually on undegraded AMK (references 66 and 69). After the degrader was
restarted, rthe pressure returned to normal with the engine continuing to operate on
AMK. Work by SwRI and the FAA had shown that when the flow rate of AMK exceeds its
critical velocity through a filter, it will form a shear induced, soluble gel on .
the downstream side of the filter. When the flow rate is reduced -— or the

level of degradation incrcased — the gel will dissolve, and flow will resume

unrestricted.

By February 1984, GE had installed the four prototype flight degraders on the B-720
aircraft that was to be used in the FAA/NASA Full-3cale Transpert Controlled Impact
Demonstration Program (reference 70). Each degrader-engine system was first
qualified on Jet A before it was ground and flight tested on AMK. The center wing
tank, override boost pump and the crossfeed manifold system were used exclusively
to deliver AMK to each of the four degrader-engine systems during the manned flight
tests.

The B-720 made its first flight with the No. 3 engine operating on AMK in August
1984, and the following month flew with all four engines operating on AMK. The
manned flight tests ~f the B-720, prior to ClD, uncovered only minor problems in
the areas of mechsnical installation, inatrumentation, degrader control and in
operational procedures (reference 69).

During a go-around climbout, a degrader inadvertently shutdown while operating on
AMK. The engine continued to operate normally for about one minute before being
switched to Jet A. Tne crew repnrted that it was unaware of any operational
differences during this period. The flight engineer's degrader control panel and
the ground control rooa readouts gave the only indications of degrader shutdown.
They showed the characteristic pressure rise across the fuel filters which drcoped
back to rormal immedistely after the switchover to Jet A. Post-flight inspection
of the filters showed no evidence of residual, shear induced gel.

Engine flight performnace with AMK was comparable to that with Jet A (reference
69). The AMK fuel swnples taker from the boost pump inlet during ground runs
showed high degracation levels at idle and at intermediate and high power levels.
The samples taken frcm the wing tank prior to and after two manned flights indica-
ted no significant r«ductions in fuel quality. Prior to the final CID flight, the
B-720 degraders had accumulated 27 hours of operation on Jet A and 1l hours on
AMK.
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" : CONTROLLED IMPACT DEMONSTRATION.

With regard to AMK, the Full-Scale Transport Controlled Impact Demonstration
Program (CID) was designed to demonstrate that a jet transport could operate
successfully solely on AMK and that AMK could prevent ignition of an airborne fuel
mist or suppress the growth and propagation of an airborne fireball., On its final
flight, the B-720 CID aircraft was to be remotely flown and crashed into a prepared
impact site under conditions that would produce an impact-survivable accident with
postcrash fire when fueled with normal Jet A — the type of accident that might be
expected during an approach, landing, missed approach, or aborted takeoff.

After detailed studies of past accidents and related research at the Terhnical
. Center, the FAA developed a severe impact scenario that called for the aircraft to
be on a 3.3° to 4.0° glide path in a 1° nose-up attitude on final approach. The
aircraft was to have a nominal sink rate of 17 feet/second with essentially no
roll or yaw and was to impact with a longitudinal velocity of 145-155 knots with
wheels up to provide severe fuselage impact forces. The prepared stone bed impact
. site (figure 17) contained heavy steel structures designed to rip open the wing
fuel tanks to insure fuel spillc of 20-100 gallons/second /figure 18). The fuel
would be exposed to a variety of ignition sources during slideout: friction from
the stone bed, engines secparated from the wing, the aircraft clectrical aystem,
operating approach lights installed at the site, and two jet fueled fleme genera-
tors in the aircraft tailcone to simulate ignition by aft-mounted engines.

On November 29, 1984, FAA personnel fueled the aircraft with 11,325 gallons

of inline blended AMK. Analysis of fuel samples taken from each tank showed that
high quality AMK developed within the first hour after completing the blend (refer-
ence 59). On December 1, 1984, the engines were started on degraded AMK and
operated normally throughout the 40 minutes of preflight checks. At 9:13 A.M., the
CID aircraft took off from Edwards AFB for its final flight. Engines and degraders
responded normally to the fuel flow demands of the remotely located NASA crew
throughout the nine minute flight.

Despite many practice tests, the CID mission proved to be a high workload task for
the NASA pilot. Using the onboard autopilot as his primary control and a televi-
sion camera in the nose of the aircraft for his eyes, the pilct had to integrate
information from many sources to meet the tight impact constraints (reference 68).
Consequently, he was unable to meei all impact requirements, and the impact devi-
ated from the planned scenario.

Contact was 410 feet short of the target with the aircraft in a 2-degree nose-
down attitude in a l3-degree yaw to the left and rolled left 13 degrees. During
slideout, the aircraft continued to yaw to the left and came into contact with the
first of the steel wing openers at a yaw angle of 38 degrees (reference 69).

The aircraft's left outboard (No. 1) engine made the initial contact with the
ground. The No. 1 and No. 2 engines spooled down to cucoif immediacely after the
left wing and fuselage contacted the ground. Both engines separated at the pylon
during the next two seconds, prior to reaching the wing openers. The aircraft slid
500 feet betfore reaching the wing openers, and its speed had decreasad to 122 kmnots
from the 152 knots at initial impact.

By the time the aircraft contacted the first wing opener, its right wing was almost
perpendicular to the center line of the impact zone, and both right wing engines
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(No's. 3 and 4) were still operating. The first of the wirg openers to strike the
aiicraft entered the side of the No. 3 engine nzcelle and continued through the
engine, stopping compressor rotation within one revolution (figure 19). As the
opener buried itself in the No. 3 engine, its base broke loose from the anchors and
rotared upwards, cutting into the undarside of the wing. Simultaneously, a second
wing opener ripped through the underside of the wing just inboard of the damaged
No. 3 engine, causing sufficient damage to sepsrate the right wing.

The right wing separated just inside the inboard engine and rotated upwards,
releasing most of the fuel (2,150 gallons) from the inboard main tank. The right
inboard engine, although broken in two, remained attached to the wing stub until
the final 100 feet of uircraft alideout (figure 20). Because of the 38-degree
ieft yaw, three wing openers on the right side severely damaged the fuselage,
opening holes through which fuel from the severed wing entered the cargo area.

Also, during initial impact with the ground, the right forward cargo door opened, -
allowing additional fue. to enter the cargo area. .
Ignition occurred on the inboard side of the No. 3 engine within 0.14 seconds after .

initial impact with the wing opener (reference 6%). Unlike that typically produced .
by AMK, the initial ignition probably involved lubricating oil, hydraulic fluid and

degraded AMK from th: broken No. 3 engine. Moreover, considerable turbulence was

being generated by the sidewazrds slide cf the fusclage and the release of large

amcnnts of fuel from the severed wing which was rotating in front of the fuselage.

This also created an area of intense recirculation between the fuselage and the

severely damaged No. 3 engine. AMK fuel spilled into this region and was repeat-

edly sheared (degraded) and exposed tc heat from the burning combustible Fluids and

the hot 'engine surfaces. The shear and extended residence time caused the AMK fuel

to vaporize and burn,

Prior to viewing the detailed photogranhic evidence, most observers' initial

impression was that the AMK had failed to suppress the mist f{ireball and, in fact,

had 1nitiated a large pool fire {reference 71). But a careful review of the fiim

revealed that the fire was not the result of misted, undegraded AMK fuel but rather

the combination of burning hydraulic fluid, lubricating oil, and degraded AMK fuel.

The airborne fire that engulfed the fuselage went out wirhin eight seccads and left

the fuselage with only minor fire damage. The film also showed that there was ro

large pool fire when the aircrafu came to rest. The fire that cventually destroyed

the aircraft was caused by burning fuel that had entered the openings in the lower

fuselage as a result of the aircraft‘s high yaw angle. -

Without the high yaw angle, any flame from the wing area would have blowa aft

without impinging the fuselage (reference 69). The No. 3 engine would most likely ..
have separated from the wing on impact with a wing opener or the 7round. 1If the
CID had gone as planned, the results would have beeun signiiicantly different. Any
fire that developed w~uld have been limited to areas aftt of the aircraft, attached
to a separated engine or in the form of a slow developing ground fire,

I1f the fuel had been Jet A instead of AMK, even a minor ignition source would have

led tcv a devastating fire. The degree of yaw would have been inconsequential. The
airborne fire would have been characterized by much faster flame growth and higher

heat transfer rates, and che fire would have prop.gated rapidly to the fuel release
points and remained avtached tc the aircraft after slideout.
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POST-CLD STUDIES.

Following the CID, FAA and its contractors undertook studies to determine the
reasons for the large ignition and continued burning of AMK and to learn why the
severe flames that engulfed the fuseiage for eight seconds produced only minimal
fire demage (references 66 and 72).

In a series of tests at the Technical Center, FAA engineers and technicians usecd
the wing-fuel spillage facility to duplicate most ~f the critical CID parameters.
‘Yhey mounted a fully cowled, 3,000-pcund thrust class PWA J60 turltojet engine under
the aiifoil section at an angle of 38° to the airflow (figure 21). With the cngine
ar 90 percent power and the airflow set at 125 knots, they released AMK fuel into
the airflow at the rate of 300~400 gallone/szecond.

In one test, fuel inadvertently entered the engine inlet causnng a surge. Although
not a fsctor in CID, the surge ignited the fuel, and a continuous fire immediately
- established itself in the sheltered path downstteam of the engine. Fuel continuing

- to pour cut the airfoil orifice showed the coarse spray cha.acteristic of AMK, and
there was no upstream propagation of the fire. This illustrated what probably
occurred in the CID following the initial ignition. The tucrbulemce ard recircula-

« tion in the area sheltered by the engine and pylon generated sufficient shear force
to degrade the AMK, and recirculation provided sufficient residence time for the
fuel to vaporize and burn after being exposed to a severe ignition source — in
this test, the engine surge.

In subsequent tests, with the enginre oriented inline with the airflow (as was
planned in CID), a new phenomenon occurred (figure 22). The AMK entrained by the
engine exhaust produced an extremeiy fine fuel mist. The high velocity exhaust
generuted severe shearing forces that degraded the AMK. A spark gap ignitor placed
in the plare of the exhaust did not ignite the AMK migt but a small, open flame
did. This phencmenon did not occur in CID because the No.3 engine was stopped
within one revoiution, before the fuel could become entrained.

From another series of post-CID tests conducted by JPL, there is evidence that AMK
will afford a significaut measure of fire protection in crash situations after the
aircraft comes to rest, vhere fuel is released vettically from ruptured tanks and
noc subjected to the normal aerodynamic shearing action that induces .eatimisting
characteristics (reference 73). JPL researchers drcpped S-gallon test samples of
Jet A and AMK onto impact sites contairing pools of fuel (Jet A or AMK) and propane
torch ignition sources. The fuel, shieided from aerqdynamic forces, was dropped
- from heights ranging from 6 to 30 feet.

Preliminary data showed that the impact of a 5-gallon sample of Jet A dropped

. from a height of 7 to 8 feet generated sufficient fine mist to trigger a major
ground pool fire, AMK dropped under identical test conditions and from heights up
to 30 feet generated no mist and actually suppressed ignition of splashed fuel and
any accompanying pool fires,

From other post—CID tests, there are indications that the slower propagation rataes
of burning AMK and the breakup of AMK into coarse droplets resulited in a lower
flame temperature and slower heat transfer than would have occurred with Jet A.
This would account for the relatively good condition of the fuselage after the
flames lifred. But additional work is needed tc define more precisely the ignition
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envelope and burning characteristics of AMK under these unique conditions. Addi-
tional work is also needed on engine exnaust entrainment as a potentiel ignition
factor for AMK,

Results of such studies would more accurately define AMK's envelope of effective-
ness and any aircraft modifications needed to enhance the postcrash fire proten-
tion provided by AMK fuel. They would also help in establishing the performance
requirements for future AMK fuels,

AN UNCOMMON ACCIDENT.

While no experiment as complex as CID can be expected to perform exactly as planned,
post-CID investigations indicated that CID was unique (reference 66). A detailed
review of the National Transportation Safety Board (NTSB) data on over 700 accidents
involving U.S. turbine-powered aircraft from 1964 through 1983 revealed no impact-—
survivable accident that had all the critical elements of CID, namely: post—crasn
fire; major wing-mounted engine damage without separation; large fuel release at

the damaged engine; yaw greater than 30 degrees; and fuel ignition betweer 100 and
150 knots.

Moreover, using information frowm the NTSB data, engineers at the Techrical Center
estimated that AMK could have provided protection in at lesst 79 percent (34 out of
43) of the impact-survivable accidents with postcrash fires that occurred in this
20~year period (table 2). Approximately 23 percent of the accident reports provided
insufficient data for aay conclusion on the potential benefit of AMK. When reports
wece available, there vere few or no details on location and size of the fuel
release, source and location of iguition, or on the sequence of events during and
immediately after slideout., Correctiou of thesc cmissions in future accident
reports could prove extremely helpful in future sarety work on fuels.

TABLE 2. SUMMARY Of DOMESTIC POSTCRASH FIRE ACCIDENT3 (1964 -~ 1983)

Fatalities
Number  Iupact Fire Unknown
Accidents With Sufficieat Data 70 1230 348 600
Impact Non-Survivavle 27 758 0 442
Impact Survivable 43 472 348 158
Impact Survivabie and AMK Prctection 34 472 346 156

COST CONSINERALTIONS.

On a strict economic basis, the use of FM-9 antimisting tuel in comwmercial aircraft
is difficult to justify due ro the present high level of air tcavel scfety.

In its study of the economics of using AMK, which begat in 1980, the Aerrspace
Corporation had to make several assumptione (reference 74). Some of these assuup-
tions have proven optimistic; others, pessimistic But the mcthodology ard geaeral
conclusions still appear to ve valid. Costs and benefits were calculated in 198]
dollars and computed at a 10 percent discount rate. The value assipned to a human




dcllars and computed at a 10 percent discount rate. The value assigned to a human
life wa3 $500,000. The cost for jet fuel was calculated at $1/gal, and the
addition&l cost for using the FM-9 additive was figured to be 6.9 cents/gal. The
Aerospace analysis also aseumed a 20-year (1987 through 2006) useful lifetime for
the investment.

Other assumptions made in the study were: 135 worldwide fire-related fatalities a
year duzring the 1970-80 decade that could have been prevented by the use of AMK;
1.45 aircraft/year that could have been salvaged had AMK been used; FM-9 would be
added 24 a slurry by inline blending during aircraft fueling and at current fill
rates; 0.9 percent more fuel would be required to compensate for the lower energy
coutent of the AMK (0.4 percent) and the fuel consumed by the degrader (0.5 per-
cent). A more realistic figure for the additional fuel required would have been
0.13 percent. Aerospace assumed that FM-9 AMK would have a slightly lower heating
value than straight Jet A and that the engine would need (.5 percent more fuel to
drive the degrader. Work by SwRI indicated that the additional fuel needed to
drive the degrader would be less than 0.1 percent to drive a 3C h.p. degrader.

In its cost-benefit analysis, Aerospace Corporation calculated that the costs of
using FM~9 AMK would outweigh the potential benefits by a factor of approximately
30. The study also showed that the largest cost factor was the additive and that a
reduction in additive cost would gignificantly reduce total cost, Aerospace
anelysts also determined that airline passengers who valued their lives at more
thau $500,000 would be willing to pay the additicnel 2.6 percent ($3.92) for AMK
prciection for an average, wedium haul (1,400 miles) airline ticket (table 3).

This additional amount, according toc Aerospace, would cover tne additional amor-
tized and operating costs for the first year of using AMK. Subsequent 2nnual costs
would be slightly lower.

TABLE 3. AMK IMPACT ON DIRECT OPERATING COSTS (DOC)

Item nc-10 B727-200
1987 DOC W/0 AMK 3951 2185
($/Block-Hr)

Impact of AMK

- ($/Block-Hr) 211 (5.3%) 128 (5.9%)
{ /Revenue Paesenger Mile) 0.28 (2.6%) .45 (3.0%)
($/Trip) 3.92 .61 2.25% (3.0%)

Another FAA contractor, Trans Systzms Covpovation, oeveloped a computer spread
sheet prograw hased on the Aerospace stnily (refezrence 75). This program can de
used to determine the effects »n the various costs and benefits of changing 7ne or
more of the variables such 23 fuel cests. Trans Systems used difrerent costs and
values than Aeruvspace in some cases and also made different assumptiouns. Like
teroipare, however, Trans Systems overzstimatec the need for additional fuel.
Nevertheless, the computerized sprecd sheet is useful for calculating cost-benefit
trade-offs of using AMK.
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Later, in a second study for the FAA, Trans Systems used the computer gpread sheet
program to assess the projected economic impacts of implementing the use of anti~
migt ing kerosene in (1) the worldwide' turbine-powered air carxier fleet, (2) U.S.

. turbine-powered commercial transport, and (3) U.S. turbine~powered commuter air-
craft (reference 76). 1In all the scenmarios it studied in thie program, Trans
Systems came up with very low benefit-to~cost ratios.

In another study for the PAA, B&M Technolugical Services, Inc., analyzed the
economice of different plans for introducing AMK into commercial use in the United
States (reference 77). B&M used life-cycle costing techniques to evaluate segmen-
tal introduction of AMK versus fleetwide introduction. It also identified the most
promising candidate aircraft for early use of AMK. The company conciuded that .
fleetwide introduction of AMK would produce the maximum rafety benefits and the
maximum cost impact. Segmental introduction would minimize cost impact and poten-
tial capacity restraints on aircraft and airports. :

3&M used a dual classification system: Aircraft were classified according to the
number of engines and by the type of service. The company idantified narrow-body,
twin turbofan aircraft as the most promising candidate for initial use of AMK, Use .
of AMK by this fleet segment would increcase safety on a larger proportion of

departures and revenue passenger enplanements in both domesgtic trumk and local

service. Then, for minimum cost impact, would come 3-engine, wide~body aircraft

and four-engine, wide-~body aircraft. (Comparable data on four-engine, narrow-body

aircraft were not available.) Use of AMK in twin-turboprop eircraft would have the

lowest unit cost impact, accordisg to B&M, but would mot cover enough passengers

to make a significant difference in safety.

CORCLUSIONS

The results of eight yeuars of development and testing indicate that antimisting
kerosene fuel would provide a very high degree of protection against postcrash

fuel mist fires in impact survivable accidents. This protection would be available
a few minutes after fueling and would cover most conditiomns encountered during
takeoffs. At the end of a typical commercial flight cycle, the remaining AMK would
provide essentially the same degree of protection as on takeoff.

With modified airport fuel handling procedures, iniine blending of AMK at the
aircraft fueling point apbpears to be feasible and practical for routine commercial
operations. Levelopment of production blenders and efficient, flightweight degra-
ders should present no procblems. Airport fueling standards will have to be improved
to prevent the accidental introduction o0f bulk water which could cause severe -
precipitation problems in fuel systems containing FM-9 AMK. Environmeatally

introduced water through condensation and coalescence during operational use would

not be a problea.

AMK's heat transfer, friction and viscoelastic rheological propertiee have been
explained and quantified beyond the point needed for routine operational use.
Laboratory tests are now avaiiable for characterizing the fuel's antimisting,
filtration and flammability properties and level of degradation. Real-time evalu-
ation of fuel quality is possible and can be easily computerized for an operational

system.
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Althovgh it could be improved with modified fuel nozzles, engine performance on
degraded AMK is satisfactory, even in critical arcas such 2s altitude relight.
Dagradation can be achieved without exceesive power by making use of the degrada-
tion that occurs throughout the fuel system and then using a modified engine boost
pump to complete the process. Illging the basic principles already demonstrated in

prototype units, manufacturers should be able to Gesign practical, flightweight
pump/degraders.

The lack of long-duration tests of aircraft fuel sysrems using AMK leaves some
questions unanswered on system reliability and on the changes necessary for civil
aircraft operatiou with antimisting fuel. Some of the following components may
have to be modified or replaced on soeme aircraft: jet pumps used for critical fuel
transfer, tank fill valves, engine system filters, engine boost pumps, and fuel
flow meters. For efficient operation of the engine fuel control syestem, heat
exchangers, >ombustors, and fuel nozzles, the AMK must be highly degraded. Comyo~
nent modifications and procedural changeo needed for efficient and safe operation
on AMK are technically feasible. Endurance testing would be required, of course,
before AMK could be put into operational use. The AMK must be proven to be opera-
tionally as sate as currant Jet A fuel.

The additional cost involved in using AMX (fuel rdditive cost plus aircraft

and airport modification costs) is currently estimated at 4 to 7 cents/gallon or a
2 percent to 3 percent increase in the cost of an airline ticket. A cosputer
program has been developed for determininy the costs of introducing and using AMK
and for weighing thease costs againet benefits. The dcta used iu this program can
be updated as needed.

Based on a detailed analysis of past a:cident data, the CID appears to be a

unique event (1eference 1). The unusual geometry and fiow patterns are highly
unlikely to occur in future accidents. However, the . ntrainment uf upilled fuel

in au engine exhaust could prove to be a significant problem. .ny future work

on safety fuels should def{ine ignition and burning character:istics mcre pricisely
and #nould minimize thre possibility of ignition of entrained fuel. /my new work in
this area should also consider new and improved antimisting additives as well as
alternate apnroaches (reference 66). FAA has concluded that the CID was an expari-
mental fajlure, rot a failure of the antimisting fuel.

Additional consideration should also be given tt¢ some technical problems uncovered
in pre-CID researci. Fcr example, a wore complete explansation is required for the
insoluble gel that occurred in IM~9 AMK during somz early flight and engine test
ceil wurk. An adequate answer is also required fer the granular gel that Zorms
when rormal kerosene fuel is added to & system containing residnal aMK ard exposed
to high shear rates (refererce 32). The sigrirficance of this problem to commercial
operation must be more fully evaluated in any future program.

Future sarety fuels, when combined with a sysiems approach, shovld prove to

be effective in reducing post—crash fire hazards in commercial air transportation
and merit the continued attentiou of air safety researchers.
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between
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represented by
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concerning

CO-OPERATION IN THE TESTING AND DEVELOPMENT

of

ANTT-MISTING KEROSENE AND RELATED EQUIPEMENT

SHORT TITLE
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© BECTION 1

e
INTROPUCTION

A. Th2 Government of the United Kingdom of Great Britain and Northern lreland,
represented by the Procurement Executive of the Ministry of Defence (MOD (PE))
and the Goverument of tue Unites States of America represented by the Depart-
ment of Transportation, Federal Avixtion Administration (DOT/FAA) with the
purpose of saving lives and property through reducing the number and severity
cf fires follzwing aircraft aciidents in wnich there are survivors of the
impact, inteand to cc-operatle in the examination, development and testing of
ant i~misting kercsene fuels and of equipument related to the use of such fuels.

B. This co-operation will be undercvaken by the MOD (PE) and the DOT/FAA each
pursuing with their associates and conlvactors a part of the program of work
set out in the Appendix to this Memorandum of Understanding.

C. This Memorandum of Understanding sets out the arrangements and procedures
established by the Govermments for co-operation in the carrying out of che
program of work.

SECTION I1I
DEFINITIONS
In this Memorandum of Understanding:

(1) "Government" means the MOD (PE) or the DOT/FAA as the context may
require; and "Governments" mean the MOD (PE) and DOT/FAA.

(2) "Program of Work" means the work set out in the Appendix to this
Memorandum of Uuderstanding.

(3) "Related Work' means work relating to anti-misting safety fuels for
use in aircraft carried out before the day of entry into operation of this
Memorandum of Understanding by the representatives or agencies or by an
agent or contractor of either of the Governments or by a body under the

coatrol of either of the Governments.

(4) "Facility' zeans a laboratory test location or research establishment -
under the control of or under contract to one of the Governments.

SECTION Il

MANAGEMENT

A. Each Gevernment will eppoint initially three members to a Management Group,
whose function will te to undertake on behalf of the Governments the review of
policy relative to, and general direction of, the program of work. Meetings
of this Management Group will be held alternately in the United States and in
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the United Kingdom, and will be convened by a chairman, chesen from the
membera appointed by the host country. In the case of the United States, the
co-chairman, and one other, will be from the DOT/FAA and the third will be
from the National Aeronautics and Space Administration. In the case of the
United Kingdom, the co-chairman will be from the MOD (PL) and the one repre-
sentative each from the Department of Industry and the Civil Aviation
Authority. .

B. The Management Group will meet, as required, to review progress and
establish program guidance and priorities at significan: decision points in
the program. It is expected that this will normally be not more than twice
and not less than once a year. It is hoped in particular that a decision can
be taken by the Management Group as early as possible, within the first two
years of operation of the Memorandum of Understanding, as to the overall
viability of this program of work. Such a decision wiil take into account the
technical issues, the potential cost, and the prospects for international
implement at ion of anti-misting kerosene fuels.

C. The Management Group will approve the appointment of two Project Officers,
one from the DOT/FAA and one from the MOD (PE). These Project Officers will
act alternately as chairman of a joint Technical Group to be responsible for
the technical supervision of the program. Each Project Officer will select,
with the approval of the appropriate National Co-Chairman of the Management
Group, a maximum of four members each from the United States and the United
Kingdum respectively for the Technical Group. In addition, &s necessary, the
two Project Officers may invite additional representation from specialized
areas of technical expertise and experience.

D. Each Project Officer, advised by the Technical Group, will be responsible
to the Mangement Group for:

(a) The implementation of his own Government's respective part of the
program of work.

(b) The co-ordination of, and any modification of, the parts of the
program of work. Modifications to the program will be effective provided
that they are set out in writing, signed by both Project Officers, and
endorsed by the Management Group.

(c) Exchange of information arising from the program of work and related
work in accordance with Section VI of this Memorandum of Understanding.

Meetings of the Technical Group will normally be held alternately in the
United States and the United Kingdom, and will be arranged by the Project
Officers as the work program requires,

The Project Officers will report, as required, to their respective Management

Group Chairmen and may be invited to be in attendance at the meetinga of the
Management Group.
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SECTION IV

COSTS ANMD SUPPLY OF MATERIALS

A. The cost of performing any item of the program of work will be borne by the
Govermsent in whese facility the item of work is performed uniess otherwise
specifically agreed by the Managewmeat Group.

B. The supply of information, material, cr equipment by one Govermment to the

other for the purpose of carrying out the program of work will normally be at

the cost of the recipient Government but the cost chargeable to the recipient

GCovermment will be limited to the actual cost of procurement by the supplying

government plus normal transportsation, insurance costs, and identifiable taxes .
and customs duties. These arrangements may be varied in specific instances by -
the Management Group.

C. Either Government may loan to the other information, equipweant or material. .

D. The recipient Government will use the information, material or equipment
only for the purpose of the program of work ard in cases of loans, will return
the information, wmaterial, or equipment at the reiyuest of the supplying
Government and in accordance with the applicable law.

E. Any arrangement necessitating transfer of funds, arising out of the
transfer or loan of informatior, material, or equipment from one country to
the other will be the subject of a separate arrangement between thz Govermment
or their respective agencies,

SECTION V

ACCESS TO FACILITIES

A, Each Government will afford all the members of the Technicai Group
appointed by the other Government (and any person acting for the other
Government and authorized by the two Project Officers) access to its
facilities for the purpose of aiding aporeciation of the performance of any
item of the program of work which may be in progress at the facility.

B. This access will be subject to reasonable rotification and to the normal
security restrictions in existence at the facility and will be subject to the
provisions of Section VI and Vil of this Memorandum of Understanding.

SECTION VI

EXCHANGE, USE AND COMMERCIAL SECURITY OF INFORMATION

A. The Governments intend, subject to the rights of tkird parties, to
exhange regularly information in their possession and which relates to thetr
respective part of the program work. The information will be exchanged only
through the medium of or with the concurrence of the Project Officers. All
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information exchanged will be, so far as ia practical, in the Jorm of
documents.,

B. The exchange of information will be on the basis that the information is
supplied only for study and evaluation by the recipient Governmeni and that
the information will not, without the prior approval in writing of the Govern-
ment supplying the information, or the owner of the information, be passed to
a third person except as may be required by applicable lav or published or
used for the design, development, or improveient of equipments, chemical
products ot processes.

C. 1In furtherance of paragraph B sbove, each Govermment will make every
effort that it legally may to maintain the information free from any liability
to disclosure under any present or future legislative provisions. Each
Government may mark documents transmitted to the other with words indicating
their owner, their country of origin, that they relate to the program or work,
and that they are furnished under conditions of confidence (i.e., are not to
be disclosed to or used by a thixd party without the prior pernission of the
trancsmitting Government) or slternatively establishing the conditions of
release, The recipient Government will confirm that the documents are
received under the conditions indicated.

D. At the specific request of the transmitting Project Officer setting forth
the reasons for the request, the intended recipient Project Officer will
review documents prior to formal receipt and advise the other Project Officer
of his Government's view of its ability to maintain the confident iality of the
documents under applicable law. In doubtful cases, the Project Officers will,
consult concerning what steps can be taken to provide fov confidentiality. It
is the understanding of the Governments that this provision should be invoked
only in the most unusual circumstances.

E. Each Project Officer will ensure that any requcst under applicable law for
disclosures of information in documents originating in the other country and
furnished in accordance with this Memorandum of Understanding is promptly
notified to the other Project Officer to afford the latter the opportunity to
object to disclosure. The notification will identify applicable time limits
and the legal principles involved in the request. 1II the Government proces-
sing the request determines that the requested information cannot legally be
withheld, the Goverument's Project Officer will so advise the other Project
Officer sufficiently in advance of the projected disclosure date to permit the
latter to initiate whatever steps are deemed appropriate. In cases involving
loaned information, the information will be returned to the lender, in accor~-
dance with the applicahle law.

F. Each Government wil] grant to the other, or to a person nominated by

the other, a licence on fair and reasonable terms to use, for commercial
purposes in the United Kingdom and the United Stares and in other countries to
which the licence may be extended under relevant laws and regulations,
patented inventions and confidential technical information owned by the
Government granting the licence and arising out of its respective part of the
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program of work. Each Govermmunt will slso grant & similar licence in respect
of patented inveations and confidential technical information whiich it owns
and which arose out of related work.

G. In the event that personnel of both Governmeats or their coantractors
oarticipating in the program of work make a joint invention, design, or
discovery, then both Govermments will in eccordance with their nationsl laws
take appropriate action to ensure that both Governments or persons nominated
by either of them will have the right to the free use for commercial purposes,
in the United Kingdom and the United States and in other countries to which
the licence may be extended under relevant laws and regulations, of the joiat
invention, design, or discovery. The appropriste action way include meking
joint application for a patent and the assigning of the patent to one or
jointly to both Governments and the grantiug of a free liceace to one or both
Goverrments or to a person nos‘nated by either Government.

H. Any such licence as is referred to in pavsgraphs F or G of this Section
will include the provision that the liceacee will be obliged to inform the
licencor of all developments, improvemeats, or inventions that the licencee
may make in relation to the subject of the licence and will be obliged to
grant a return licence on fair and reasonable terms to the licencor in respect
of all the developmeants, improvements or inventions so made should the
licencor wo wish.

I. Each Government will use its good offices to arrange for a2 licence as
described in paragraph F of this Section to be granted by a third person who
mey own relevant patented inventions, designs, discoveries or confidential
information in respect of which Government does not have the right to grant
such licen.es,

SECTION VIL

MILITARY SICURITY

A. rl]l classified informetior or material or equipment aupplied in accordance
with Seciion IV and VI will be protected in accordance with established
security arrangements between the Government of the United Kingdom and the
Govermment of the United States of America.

SECTION VIII

LIABILITY

Neither Government will be lisble to the other for any damege, loss, or injury
to personnel, material, or equipment occasioned by or during any «uctivities
urdertaken pursuant to this Memorandum of Understanding.
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SECTION IX .

INTERPRETATION, APFLICATION AND MODIFICATION

Any disagreement regarding the interpretation or application of thig
Memorandum of Understanding will be resolved by consultation between the
Governments and will ot be referred to any international tribunal or third
party for settlement.

The terms of this Memorandum of Understanding way be modified as provided in
Section IIID or by the Governmente. In the second case, any modification will
enter intoc operation on signature by the duly authorized representatives of
the Governments.

SECTION X

ENTRY INTO OPERATION AND TERMINATION

A, This Meworandum ¢f Understanding will enter into operation on the date on
which it is signed on bechalf of the two Governments. The program of work will
be pursued for at least two years from the date on which this Memorandum of
Understanding enters into operation., Either Government may terminate the
pursuit of its respective part of the program of work after giving 90 days
notice in writing.

B. In the event that one or both Government terminate their participation in
the program of work the understandings concerning exchange, use and commercial
security of information as c2t out in Section VI and concerning Military
Security as set out in Section VII will remain in effect.

SECTION XI

g

SIGNATURES OF AUTHORIZED REPRESENTATIVES

A. The foregoing represents the understandings reached between the Government
of thae United Kingdom of Great Britain and Northern Ireland represented by the
Procurement Executive of the Ministry of Defence and the Govermment of the
United States of America represented by the Department of Transportation,
Federal Aviarion Adwministration upon the matters referred to therein.

UNITED STATES UNITED KINGDOM
~rapressnated by - represented by
DOT/FEDERAL AVIATION 'MINISTRY OF DEFENCE
AWNBTRAT!ON " PROCUREMENT EXECUTIVE
\J .
ra

" Asststant Administrator for -
Title;_International Aviation Affairs (Acting) Title;Drsts 3 Rommes® Hopruams ¢

Dates Juae 1, 1978 Dite; 7% o ‘20
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Civil Lviation Authority University of California
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Embassy of Australia British Embassy
Civil Air Attache Civil Air Attache ATS
1601 Masa Ave. NW 3100 Mass Ave. NW
Washington, D. C. 20036 Washington, DC 20008
Scientific & Tech. Info FAC Dir. DuCentre Exp DE LA
Attn: NASA Rep. Navigation Aerineene
P.0. Hox 8757 BWI Aprt 941 Orly, France
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