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EXECUTIVE SUMMARY

This flammability correlation analysis compared test data from a large

number of flammability tests used to determine the quality of antimisting fuel.
These included full-scale aircraft crash tests, large-scale fuel spillage/
ignition tests, and small-scale flammability tests. All tests comprised the
discharge of the test fuel using various procedures and with various velocities
into an environment which included ignition sources of varying intensities.

The tests were conducted initially with Jet-A, or equivalent, to obtain a
standard or baseline to which the same fuel with various gquantities of
antimisting additives was compared to give an indication of the antimisting
quality of the latter. Various rheometric tests were also considered as a
means of determining the effectiveness of the fuel relative to its antimisting
properties.

The ability of certain antimisting fuels to eliminate large fireballs during
occupant-survivable aircraft crashes was amply supported by the data analyzed
during this study. Large-scale crash simulations were found to be highly
developed, and provide essential credibility on a given antimisting fuel near
the end of its development. Small-scale flammability test rigs used for
screening antimisting fuels were found generally effective, but with some
conflicting data between rigs, and with some deviations from large-scale
results. No reasons could be positively identified for these discrepancies
notwithstanding the limited employment of a combustion modeling technique.

Enhanced correlation among the tests studied requires characterization of the
fuel droplets and flows produced by a given test rig, and application of semi-
empirical liquid breakup and ignition/combustion models. This was not
accomplished to the degree necessary due to the limited scope of this program.
Liquid breakup correlation is discussed and a solution for a limited case is
provided as an example of the use of this analytical tool. This case was for
a Newtonian fuel (not antimisting fuel) on a small-scale basis.






I. INTRODUCTION

PURPOSE.

The primary purpose of this effort was to perform a correlation
study of antimisting fuel (AMF) flammability test data developed by
six test groups--the Federal Aviation Administration Technical
Center (FAATC), the United Kingdom's Royal Aircraft Establishment
(RAE), the U.S. Naval Weapons Center (NWC), the Naval Air Engineer-
ing Center (NAEC), the Jet Propulsion Laboratory (JPL), and South-
west Research Institute (SwRI). This effort included study of the
applicable test facilities and procedures, test data, and possible
improvements, modifications, and additions to the testing to en-
hance data repeatability and correlation.

BACKGROUND.

The Federal Aviation Administration has been conducting a compre-
hensive program to minimize fire hazards of jet transport aircraft
in impact-survivable accidents by developing antimisting fuels.

As implied by their generic name, AMF's inhibit the misting which
occurs when neat kerosene fuel is released at significant velocity
relative to the atmosphere. Even at bulk liquid and air tempera-
tures well below the fuel's flash point, the finely divided mist is
readily ignitible and propagates flame fronts rapidly. The common-
ly resulting "crash fireball" heats and ignites pools of spilled
fuel at the crash site. Sustained burning of proximate spilled
fuel can lead to rapid destruction of an aircraft, and severely
reduce occupant survivability. By eliminating the crash fireball,
AMF's break this hazardous chain of events.

In the course of development of AMF's, a broad range of test methods,
apparatus, and facilities have been essential. The complex polymer
chemistry of typical additives involves both standard and special-
ized test apparatus and procedures which address rheology and other
properties of the doped fuels. Small-scale flammability tests

have evolved to expose candidate AMF's to idealized crash condi-
tions--including flow, expulsion, breakup, and ignition.

Finally, full-scale crash tests and large-scale flammability tests
have been essential for proof-of-concept, phenomenology at adequate
scale, and demonstrating full-scale effectiveness of near-term
candidate AMF's.

This study has been initiated at an opportune time. A significant
body of test data has been developed over the full size spectrum



of AMF flammability testing. A data base of rheometric testing is
also available. Equally important, understanding of non-Newtonian
flow, liquid breakup, ignition and combustion phenomena has improved
significantly in the past few years.

This report presents analyses of the various test methods and data,
relates physical parameters and phenomena to them, and defines

methods for improving confidence in individual tests and compara-
bility between tests.



IT. DISCUSSION

GENERAL.

Table II-1 describes the test facility or apparatus, performing
organization, and applicable references. Figure II-1 relates the
various tests by type (flammability, rheometry), size, and funda-
mental method. Three methods of correlation are shown, but semi-
empirical methods predominated. The various tests are selectively
analyzed and compared in subsequent sections of this report.
However, it is illuminating to discuss their similarities and
differences qualitatively in the context of physical parameters and
phenomena.

All AMF flammability tests involve the following phenomenological
elements in the sequence presented:

Air Flow

Fuel Flow

Liquid Breakup
Droplet Dispersion
Heating

Ignition
Propagation
Sustained Fuel Fire

00~ U W N
L]

AIR FLOW.

In the general crash scenario, absolute air flow velocity can be
near zero, due solely to wind. The NAEC Crash Tests, RAE Rocket
Sled Tests, and the SwRI Spinning Disc, Drop Test, and Air Gun
involve (and require) near-quiescent ambient air. The remainder
utilize liquid fuel orifices which are fixed in relation to the
ground, and move the air to simulate motion relative to the atmo-
sphere. Free air jets are used by the large-scale FAATC Wing
Spillage and NWC Wing Spillage facilities and the JPL Mini-Wing
apparatus. The FAATC small-scale Flammability Comparison Test
Apparatus (FCTA) utilizes air flow within a l-inch I.D. pipe.

Figure II-2 depicts a free turbulent air Jjet as described in aero-
dynamic literature.24 Note that "potential core" flow is free of
entrainment, and maintains a constant velocity over a cross-
sectional area which diminishes to zero at a distance of 6.4

nozzle diameters from discharge. The limit of diffusion is defined
along a half-angle of 10° from the axis of the jet, extending out
about 100 nozzle diameters. Beyond the "established flow" limit

is the "terminal region", where the velocity is near zero.



Table II-1. Summary of AMF Flammability Test Facilities/Apparatus

FACILITY AND TITLE DESCRIPTION REFERENCES
Naval Air Engineering Specially modified SP-2H test aircraft are accel- 1, 2, 3
Center, Lakehurst, erated 6,190 feet down the track of Recovery System
N.J. Track Site No. 4 by a jet car powered by four J-48

turbojet engines. At this point the jet car separ-
Full-Scale Crash ates, and aircraft and shuttle proceed 900 feet.
Tests (SP-2H Aircraft) The aircraft then separates and travels 200 feet to

the crash site. The aircraft impacts a 3° sloped
earthen mound and decelerates along a prepared earth
surface with an array of 48 open-flame torches.
Provisions are made for fuel leakage from the front,
top and bottom surfaces of the wing tanks.

Federal Aviation Fan discharge air from a TF-33 engine is augmented 4, 5, 6,
Administration Technical and exits a 69-inch square duct. Sixteen feet down- 7, 8
Center, Atlantic City, stream (11.5 feet above ground level) is a replica
N.J. wing section with a l2-inch pipe, facing upstream,

protruding from the leading edge. A variety of fuel
Large-Scale Wing Fuel discharge orifices can be fitted. Test fuel exits
Spillage Tests this orifice and is broken up and reversed in flow

direction by the free air jet. Three feet below
the centerline and 4-1/2 feet past the fuel dis-
charge plane is a large propane terch, facing down-
stream. The flame is 5 feet long, 18 inches in
diameter, and has a nominal temperature of 1100°F.
Photographic records are made of resulting com-
bustion phenomena and subsequently evaluated.



Table II-1. Summary of AMF Flammability Test Facilities/Apparatus (cont.)

FACILITY AND TITLE DESCRIPTION REFERENCES
Naval Weapons Center, The NWC T-Range provides air flow from several 9
China Lake, CA. storage tanks, which is heated to restore near-

ambient conditions and discharged from a modular

Wing Fuel Spillage/Air low velocity diffuser (35-inch square discharge

Shear Tests duct). An airfoil (84-inch chord, 14.5 inches
maximum thickness) is located 37 inches above the
ground and 85.5 inches aft of the diffuser's dis-
charge plane--centered in the air flow. A 6-inch
diameter fuel orifice is located in the wing lead-
ing edge, looking upstream. At the lower edge of
the airstream bound, 27 inches above the ground
plane, is an aft-facing propane torch. The torch
is ignited at intervals of 1.5 seconds, with burn
duration of about Q.1 seconds. The free flame
volume (no fuel in airstream) is about 1 liter.
In operation, AMF is fed by gravity from an ele-
vated hopper to exit the wing leading edge. The
airflow reverses and hreaks up the liquid stream,
which is subjected at the lower bound to heating
and ignition by the torch. Photographic records
of combustion phenomena are evaluated.

United Kingdom Royal A replica wing tank (10 or 20 gallons capacity) is 10, 11,
Aircraft Establishment, accelerated down a track by two or three rockets 12, 13
Farnborough, England and then engages an arrester cable. The tank has

a slit in its leading edge which is sealed by a
Rocket Sled Tests weighted rubber plug. Deceleration ejects the

plug and fuel is released into an array of 18
kerosene-fueled torches. Resulting combustion
phenomena are photographically recorded and
evaluated.



Table II-1. Summary of AMF Flammability Test Facilities/Apparatus (cont.)

FACILITY AND TITLE DESCRIPTION REFERENCES
Jet Propulsion Labora- A centrifugal blower provides air flow (260 ft/sec 14, 15
tory, Pasadena, CA. maximum) from an 8-inch diameter orifice over a

small replica wing centered in the flow two dia-
Mini-Wing Fuel meters downstream. The wing has a slit in its
Spillage Tests leading edge with a vertical dimension of about

0.2 inches, through which fuel is expelled into
the opposing airstream. Directly aft of the wing,
centered on the airflow, is an oxy-acetylene
torch facing downstream which burns continuously.
Any resulting combustion is monitored visually,
photographically, by thermocouples, and by a

radiometer.
Federal Aviation The FCTA is a self-contained and semi-automatic 16, 17,
Administration Technical test apparatus integrated into a single cabinet, 18, 19,
Center, Atlantic City, which can be operated indoors given adequate 20, 21
N.J. space, ventilation, and safety precautions. Air

from a storage tank flows through a sonic orifice
Flammability Comparison and into a l-inch I.D. pipe. Test fuel is ex-
Test Apparatus pelled from a cylinder by a mechanically driven
piston into a 1/4-inch O0.D. stainless steel tube.
This tube penetrates the air pipe and expels fuel
upstream along its longitudinal axis. The mixed
fuel/air stream expands in a diffuser which pene-
trates the right-hand side of the console. A
propane torch is located downstream. Combustion
is monitored photographically and by a radiometer.



Table II-1. Summary of AMF Flammability Test Facilities/Apparatus

FACILITY AND TITLE
Southwest Research
Institute, San Antonio,

Texas

Spinning Disc Tests

DESCRIPTION

A metal disc about 2.5 inches in diameter is
mounted horizontally on the shaft of a variable
speed motor. An integral cup is centered in the
top of the disc, into which fuel flows from a
static tube overhead. Four integral (closed)
radial flow channels (2mm diameter by 10mm long)
located in angular increments of 90° (viewed

from above) extend from the cup to the disc's
outer edge. About 3.9 inches from the disc's edge
is a continuously burning propane torch. The test
fuel flows down from the supply line into the cup,
and is forced outward into the flow channels by
centrifugal action (e.g., 30,000 RPM). The liquid
fuel is flung from the four orifices in the disc's

edge, which then breaks up and encounters the torch.

Resulting combustion is monitored visually, photo-
graphically, and by radiometer.

(cont.)

REFERENCES
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23
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The NWC report? provides data on velocity profile decay and turbu-
lence within the jet. The data show a significant range of vari-

ability of air velocity. Profile data were obtained on the large-
scale FAATC Wing Spillage facility from the plane of discharge out
to 93 inches. Hence, velocities other than those in the "potential
core" were not available to compare with the free air jet depicted.

An interesting variation is the introduction of a "ground plane”

to the FAATC Wing Spillage facility. This simulates a crash
scenario with a mid- or low-wing aircraft, and the considerable
influence of "ground effect". Figure II-3 is an isometric view of
a free air jet from a rectangular orifice25 (as at the FAATC facil-
ity), depicting the modified velocity profile due to ground effect,
as contrasted to Figure II-2. No velocity mapping data were
available to correlate with this generalized flow configuration.

LIQUID FLOW.

In the crash scenario, liquid fuel flow is induced through breaches

in fuel tank walls primarily by the relatively high transient acceler-
ations and decelerations incident to the impact(s); or, in their ab-
sence, by the gravity head of the fuel. 1In the NAEC Full-Scale Crash
Tests, breaches are deliberately generated in the leading edges, tops,
and bottoms of several wing fuel tanks of the SP-2H aircraft.

Large orifices are typically involved, so that even with a high
volumetric rate of spillage, relatively low stress is placed on the
fuel during transport to and through the openings in the tanks.
This is particularly important because AMF's are generally suscep-
tible to loss of a degree of their antimisting property with expo-
sure to excessive shear. The RAE Rocket Sled Tests share with the
NAEC Crash Tests the use of deceleration to induce fuel flow from a
tank. The FAATC and NWC wing spillage rigs and the FAATC FCTA are
carefully designed to avoid shear stress on the AMF's tested. The
FAATC Wing Spillage rig uses a gas pressure cap in the holding tank
to induce fuel flow to the orifice, whereas the NWC rig uses gravity
flow from an elevated storage tank. The FCTA uses positive expul-
sion from a cylinder by a mechanically-driven piston. The SwRI
Spinning Disc utilizes acceleration of the liquid through four
radial flow channels connecting a center chamber to orifices on the
outer edge of the spinning disc.

LIQUID BREAKUP.

The crux of the post-crash fire hazard with high flash point turbine
fuel, such as Jet A, at nominal ambient temperature is liquid break

10







up, i.e. conversion of the fuel from a relatively low surface area,
high volume and low ignitability configuration to a very high
surface area and, hence, flammable mist. This conversion is due to
relative motion between ejected fuel and the atmosphere. 1In a
crash scenario, the air is at low or zero velocity, whereas the
fuel is being ejected from an aircraft which is itself moving at
significant speed. The highest relative velocity between the air
and the fuel is typically achieved (1) at high aircraft decelera-
tion while still at relatively high speed, and (2) with fuel
ejecting through the forward wall(s) of the tank(s). The maximum
relative velocity is significant in that it places the maximum
demand upon the performance of AMF in suppressing mist formation.

Fuel is ejected a considerable distance ahead of the decelerating
fuel tanks in both the NAEC Crash and the RAE Rocket Sled tests.
The FAATC, NWC and JPL Wing Spillage rigs simulate this critical
encounter with a free air jet flowing against a directly opposed
fuel stream exiting from an orifice in a fixed airfoil's leading
edge. The opposed fuel and air Jjets are schematically illustrated
by Figure II-4. It is a highly desirable feature of the FAATC Wing
Spillage facility that breakup occurs in the "potential core"
region, Figure II-2.

The FAATC FCTA uses a fuel jet opposed to air flow within a l-inch
I.D. pipe. In cases where the average plume diameter, D,, 1is
greater than one inch (Figure II-4), impingement on the pipe's
interior surface will occur.

The SwRI spinning disc ejects the fuel from four peripheral orifices,
while rotating at rates as high as 30,000 rpm. Hence, the ejected
ligquid "sees" an initial velocity relative to the air which is the
vector sum of its radial and tangential velocities at that point.

Liquid breakup is discussed in detail in subsequent sections of this
report. Suffice it to say that the localized relative fuel/air
velocity is considered crucial to resulting droplet size spectra,
and configurations vary with AMF type from compact (e.g., near-
spherical) droplets to long filaments. If a significant change in
flammability occurs for a given AMF and test apparatus at the same
relative fuel/air velocity because absolute air and fuel velocities

have been varied, the possible influence of undefined and/or un-
controlled variations in the dynamic conditions must be considered.

Liquid breakup is sensitive to scale. Over the range of fuel jet
diameters of the tests analyzed, significantly different phenomena
are encountered. As detailed later, this precludes unadjusted
comparisons of independent test variables and results between a
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large diameter fuel jet (e.g., on the order of tens of centi-
meters) and a small one (e.a., one centimeter or less).

Figure II-5 displays the diameter ranges for some common sub-
stances/configurations, and for hydrocarbors of interest to AMF
studies. Note that for the three hydrocarbons with viscoelastic
additives, the smallest droplets are about 80 microns in diameter.
Although droplet size data are lacking for most AMF flammability
tests, observed flame propagation indicates that the droplet sizes
for neat Jet A fuel can have a lower size bound approaching or
less than 10 microns in diameter, depending on relative fuel/air
velocity and other parameters.

Figure II-6 illustrates the droplet size distribution for a 0.57
mass median diameter (MMD) population of a hydrocarbon with
viscoelastic additive shown in the previous figure. Data of this
type are highly desirable in the analysis of AMF flammability
tests.

DROPLET DISPERSION.

Given the products of liquid breakup just discussed, their subse-
quent transport and dispersion are crucial to the flammability of
the fuel plume or cloud. For example, dispersion can convert a
flammable fuel droplet population to one which will not propacate
flame--by reducing the number of droplets (or mass of fuel) per
unit volume of air below the Lean Flammability Limit (LFL). This
was amply demonstrated during development of the Minitrack test
apparatus by the RAE.26 In the course of development of this
apparatus, they found unrealisticly high effectiveness of an AMF
at very low additive concentrations--compared to large-scale
Rocket Sled Test results. They postulated that dispersion was
too rapid, so that the mist concentration was belcw the lower
ignition limit by the time ignition sources were encountered.

The solution was to add a nozzle 1/2-inch (12.7 mm) long to the
5/16 inch (7.9 mm) diameter orifice. This nozzle evidently nar-
rowed the dispersion field and produced the desired comparability
of results between the Minitrack and Rocket Test Sled devices.

For thorough AMF flammability test analvsis, the fuel droplet

size data previously discussed must be supplemented with droplet
concentration data. A convenient method is to subdivide the drop-
let spectra into groups of approximately monodisperse droplets
(e.g., mass median diameter); and specify the droplet number den-
sity (number of droplets per unit volume) for each group.

Considering the flow fields illustrated by Figures II-2, I1I-3,

and II-4, it is evident that the droplet number density may be
expected to vary significantly at different positions within a
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given fuel mist cloud or plume. Locations of particular concern
are (1) the liquid breakup region, (2) regions of hot surfaces
and/or ignition sources, (3) transient flame regions, and

(4) fireball and sustained fire regions.

At high relative fuel/air velocities, droplet drag is the domi-
nant propulsive force--which varies with droplet shape and size.
The direction and magnitude of this force is dependent upon the
flow configuration of the proximate air mass. At near-zero local
air velocities, gravity emerges as the propulsive force, opposed
by droplet drag (i.e., settling). Both of these modes of trans-
port are highlv relevant to the AMF flammability tests analyzed.

Turbulence in the flow fields must be considered. Turbulence
effects are evident in the full-scele aircraft crash tests--par-
ticularly the wing tip vortices and wakes.

HEATING AND IGNITION.

Heating of the fuel mist must be considered separately from igni-
tion, since we are dealing with a turbine fuel, i.e. Jet A, which
is typically at temperatures well below its flash point (about
100°F) under operational conditions. Hence, localized heating
within a mist plume or cloud can result in increased evaporation
and flammability. Likewise, extremes of bulk fuel and ambient
air temperatures, coupled with high aircraft and ground surface
temperatures, give a "worst case" environmental scenario.

Simulated ignition sources in full-scale crash and large-scale
AMF flammability tests typically provide many orders of magnitude
more than the few millijoules of energy that are the minimum
necessary to ignite a flammable mist in air. The minimum igni-
tion energy for a vapor/air mixture is even less, on the order of
a tenth of a millijoule.

It is quite evident from photographic coverage of the large AMF
tests that the shrouded rockets, liquid hydrocarbon-fueled
torches, running turbojet engines, fuel pool fires, etc. provide
extensive heating effects--involving temperatures well above the
fuel's flash point, but below the minimum necessary for ignition.
"Marginal" test conditions, involving lower concentrations of
antimisting additive and/or higher relative fuel/air speeds in
the breakup region, often provide a clear differentiation between
progressive heating effects and localized ignition.

The clearest demonstration is provided by the wake flame in the

flow field downstream from a hydrocarbon gas-fueled torch. Even
with mist clouds of low flammability, a lengthening of the wake
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flame is evident. This is due to direct mixing of fuel droplets
in the plume with the torch's flame. With a more flammable
air/mist flow past the torch, the wake flame lengthens and
thickens. The enhanced flame is both radiating more heat and
involving more of the flowing cloud in the convective "heating"
and "combustion" envelopes. With a progressively more flammable
flowing medium, the wake turbulence limits the maximum continuous
length of the wake flame--with large excursions of non-burning
mixture across the axis of the flame. Discrete burning regions
join the general flow of the plume, with one of two possible
consequences: (1) heat loss is greater than heat generated by
interior burning, and the discrete region shrinks and self-extin-
guishes; or (2) heat loss is less than heat generated, and the
fireball grows.

The important point is that the large-~scale "ignition sources"
provide widely varying combinations of high-temperature, low
volume ignition sources in conijunction with relatively high-volume
mist cloud heating/evaporation effects. It is evident that the
preheating and evaporation effects of the large ignition sources
are often crucial to the ignition of a plume containing AMF
droplets.

In the small-scale tests, the mix of ignition and cloud heating
effects also varies widely. From these observations, it is
evident that in comparing the results of AMF flammability tests,
the varying characteristics of the ignition sources may become
highly significant.

PROPAGATION.

The known flammability properties of monodisperse hydrocarbon
droplets (including neat Jet A and AMF) are significant for
illustration. Referring again to Figure I1I-5, below a droplet
diameter of 10 microns, flame propagation causes immediate
vaporization. Hence, droplets below 10 microns may be considered
flammable vapor, provided that their concentration (e.g., number
density--number of droplets per unit volume) is above the Lean
Flammability Limit. Homogeneous flame propagation occurs over
this range and up to a droplet size of 20 microns. Above 40
microns, flame propagation is droplet-to-droplet. An unexpected
experimental result is that, for one hydrocarbon tested, the
minimum ignition energy in the range of ten to a hundred microns
was less than for a near-stoichiometric fuel vapor/air mixture
under identical conditions.

The degree of dispersion affects droplet burning as well. Figure
IT-7 depicts conventional individual droplet burning as "Internal
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Group Combustion"27: 28, This mode applies provided that the
spray is sufficiently dilute in air, or that droplet dispersion

is high enough in the preiginition phase to avoid combustion inhi-
bition due to fuel evaporation and vapor diffusion. With "Exter-
nal Group Combustion", by comparison, individual droplet burning
does not occur due to the higher droplet number density and

slower dispersion. Such variations in burning rate could signif-
icantly influence the combustion observed, and an AMF's resulting
flammability (pass/fail) rating.

Of course, polydisperse droplet populations must be considered

for the AMF flammability tests. Semi-empirical computer models
have been developed29 which address the transport, evaporation,
ignition and combustion of polydisperse hydrocarbon droplet
populations in flowing air. A typical finding is that a very
small fraction of the mass of a ploydisperse fuel droplet cloud,

at the small end of the droplet size spectrum, can make the

entire cloud flammable. This indicates the importance of evalu-
ating AMF's at maximum relative fuel/air velocities toc develop
congervatively small droplets and potentially flammable conditions.

Figure II-8 provides the results of the model previously discussed,
and illustrates interdependency of three important variables with
time. A monodisperse hydrocarbon droplet population is exposed

to an initial temperature of about 39°C. The fuel mass fraction
increases as evaporation occurs over time, while the droplet radius
diminishes. The heat absorbed by evaporation drops the air temper-
ature about 21°C. The fuel mass fraction very closely approaches
the Lean Flammability Limit.

In the full-scale crash tests with neat Jet A, ligquid breakup and
dispersion yield a totally flammable vapor/spray cloud. The
flame propagates throughout the cloud and even to the very tips
of the forward fuel plumes--located several feet ahead of the
leading edges of the wings of the SP-2H. Similar engulfment was
observed with the wing fuel spillage rigs testing neat Jet A.

We have noted in the observation of movies of flame propagation
within a fuel mist cloud from various test facilities that de-
finite spatial limits to the fireball sometimes occur. In some
cases, these limits may be due to a low concentration of droplets
which, if closer together, would propagate flame fronts and burn.
This seems particularly likely where the fire propagates freely
through a portion of the cloud formed at lower velocity, and does
not propagate through a visible portion of the cloud formed at
near-maximum relative fuel/air velocity.
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PASS/FAIL CRITERIA.

It is entirely logical and appropriate that the criteria for
flammability performance of an antimisting fuel be based on
characteristics related to flame propacation under simulated
crash conditions. For all scales of flammability testing, the
maximum size growth rate and/or radiated flux experierced in a
given test are related to established criteria.

At large scale, the work of Salmon et al.>/6,7,8 is of particular
significance. From movies of fireball growth during the FAATC
Wing Fuel Spillage Tests, a nominal or "effective" linear fire-
ball dimension (e.g., radius) was plotted as a function of time.
The slope of a linear fit to plots of fireball radius versus time
vields a single value of slope, which is effectively the nominal
flame speed in distance per unit time (e.g., feet per second).
Based on extensive experience with a variety of AMF's, criteria
were developed as follows:

Pass 0-10 fps
Marginal 10-20 fps
Fail >20 fps

Fireball growth data have been developed from full-scale crash
test data on the SP-2H by Salmon, and were found to compare well
with the FAA Wing Fuel Spillage data.

It is particularlv advantageous that fireball growth is related
to flame speed in the cloud--the latter being a fundamental
parameter in applicable fire modeling. Furtherriore, it is
evident that fireball growth is being applied in the "terminal
region" (see Figure II-2) of the FAA Wing Fuel Spillage facil-
ity's free air jet. This is enalogous to fireball maximum size
and radiation measurements made as part of the tests with the
FAA's Flammabilitv Comparison Test Apparatus (FCTA). Wake flame
criteria were involved in the NVIC and JPL (small-scale) Wing
Spillage tests. In the former testing, a "pass" was designated
if there was no fire or if only self-extinguishing fireballs
occurred, or if the torch flames did not propagate (e.g., detach).
A "fail" involved igniting the pool of spilled fuel, and envelop-
ing the airfoil in flames. A "marginal" condition consisted of
igniting spilled fuel but not enveloping the airfoil in flames.

The JPL small-scale wing spillage tests involved a limit on the
length of the wake flame during a test (tvypically, 1 meter).
Measurements were also made of the greatest horizontal distance
traveled by a fireball after detaching from the wake flame before
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self-extinguishing or contacting a barrier. The length of the
fireball at this maximum distance was also measured.

It is evident that in both these cases critical pass/fail criteria
are being applied within the "established flow" region of Figure
ITI-2, and may even extend forward into the "trensition" region
(from "potential core" to "established" flow).

It is apparent that the pass/fail criteria discussed so far can
apply to one continuum--the free air jet as depicted in Figure
ITI-2. Hence, with adeguate aerodynamic characterization and
heating/ignition/combustion modeling, the several criteria and
phenomena of the various test rigs and facilities might be
comprehensively and thoroughly related in guantified terms to
adequate engineering accuracy.

In contrast, the SwRI Spinning Disc provides a rotational rather
than translational environment. Progressive degrees of mist

cloud flammability involve (1) supplementing the torch flame
intersected by the radial fuel ejecta, (2) the development of a
"fire ring", starting with acute angles and, with increasing flam-
mability, developing into a stable, 360° ring of flame, and (3)
propagating back to engulfment of the spinning disc itself.

SUSTAINED FUEL FIRE.

Sustained burning of the fuel mist cloud and ignition of spilled
fuel pools is the ultimate post-crash fire hazard and failure

mode for an antimisting fuel. Pool ignition has been included in
some pass/fail test criteria, and extensive burning is encoun-
tered with severely failed AMF's (or neat Jet A) in all flammabil-
ity test facilities.

Propagation in the mist cloud is a better basis for pass/fail
criteria, since the allowable fireball sizes, growth rates,
and/or heat fluxes are limited to provide a generous and desir-
able margin of safety.
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ITTI. ANALYSIS OF FIAMMABILITY TESTS

GENERAL.
This section consists of analyses of the antimisting fuel (AMF)
flammability tests, data correlations and uncertainties, and

methods for enhancing data correlations.

FULL-SCALE CRASH TESTS.

The full-scale crash tests performed by the Naval Air Engineering
Center, Lakehurst, N. 7., have provided highly credible data on
the performance of neat Jet A and AMF under "real-world" surviv-
able crash conditions. The credibility is achieved primarily
because:

1. An actual aircraft is employed with very plausible fuel
tank damage mechanisms.

2. A variety of conservatively severe ignition sources are
used.

3. Each test involves high initial speeds and deceleration
of the aircraft over a carefullv prepared impact courcse.

4., Good diagnostics on aircraft dynamices allow analysis and
comparison of the tests.

The obvious limitation is the cost and time involved to test each
candidate AMF. :

Results of two crash tests (Nos. 1 and 2) of the SP-2H are pre-
sented in reference 1. In addition, we have analyzed data from
test number 4.2 Data comparisons are presented later in this
section in conjunction with data from other tests. The reader is
referred to the referenced reports if details of the testing are
desired. The remainder of this analysis will focus on specific
test aspects, relating the test conditions and parameters to

(1) the phenomenology discussed in the previous section, and

(2) to similar parameters of other AMF flammability tests.

FUEL AND AIR FLOW. Since the test aircraft were moving in rela-
tion to essentially cquiescent atmosphere, the velocity of the
aircraft relative to the ground suffices for an absolute value of
relative air velocity. 1In reference 1, graphs of aircraft veloc-
ity versus position are provided for Tests 1 and 2 (involving,
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respectively, neat Jet A and Jet A with 0.28% and 0.3% FM-9 anti-
misting additive).

For our analysis, we obtained oscillograph traces of acceleration
versus time for these same tests. We developed and applied a
computer program which accepted data points manually extracted
from the oscillograph traces and computed and/or plotted (1) dis-
tance from an initial point (aircraft runout position "0" in
feet), (2) longitudinal velocity in feet per second, and (3) lon-
gitudinal acceleration in feet per second per second--all as a
function of time. Figqure III-1 presents these graphs to the same
time scale for SP-2H Test Number 1, which involved neat Jet 2
fuel. Figure IT1I-2 presents data on SP-2H Crash Test Number 2
(Jet A with 0.28% and 0.3% FM-9 antimisting additive) in the same
format.

We have been informed that NAEC has demcnstrated the feasibility
of processing their raw data tapes to provide such data on subse-
quent tests without the manual effort we had to expend in picking
off the data points.

The utility of the data in this format is high. First, it is
generally accepted that the maximum relative fuel/air velocity
places the greatest stress on candidate AMF's. Data for comput-
ing the maximum relative fuel/air velocity in a given test are
available from this format. Air velocity vs. time is readily
available, and can be related back to position on the crash site
by reference to the distance/time graph.

Velocities must be considered in conjunction with the deceleration
forces acting on the fuel in the wing tanks. The latter deter-
mine the instantaneous force acting on the fuel being expelled
through 6-inch high by 9-inch wide openings punched in the for-
ward walls of the twelve wing fuel tanks.

The procedure given in reference 1 using instantaneous
acceleration was applied in computing a velocity of neat Jet A
relative to the aircraft. Table III-1 presents average and peak
deceleration magnitudes and time duration needed for computing
forward fuel expulsion velocities. Also included are the air-
craft speeds for the corresponding times, and aircraft position
data. Table III-2 presents the fuel expulsion velocities and
total relative fuel-to-air velocities for five selected time
increments. The increments were selected (1) as the relatively
higher values of peak acceleration at high velocity, and (2)
representative sustained deceleration at lower velocity later in
the crash runout.
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TABLE III-1.

Selected Data from SP-2H Crash Test No.

(Neat Jet A Fuel)

1

Aircraft
Time Duration Deceleration Aircraft Position
Increment From To AT Peak Avg. Velocity From To
No, (sec.) (sec.) (sec. (g's) (g's) (fps) (ft.) (£ft.)
1 0.028 0.078 0.050 5.2 2.6 154.0 4.5 12.2
2 0.078 0.113 0.035 (3.2) (1.6) 154.5 12.2 22.0
3 0.113 0.310 0.197 0 0 154.7 22.0 34.0
4 0.310 0.390 0.080 1.3 0.9 153.8 34.0 62.2
5 0.390 0.760 0.370 4.7 2.3 150.1 62.2 113.7
€ 0.760 0.850 0.090 1.6 1.1 125.3 113.7 125.0
7 0.850 0.885 0.035 0.65 0.31 124.2 125.0 130.6
8 0.885 1.000 0.115 (0.93) (0.46) 125.5 130.6 142.2
S 1.000 1.240 0.240 0 0 125.7 142.2 174.2
10 1.240 1.660 0.420 4.5 2.0 111.2 174.2 220.9
11 1.660 3.000 1.340 1.5 1.5 94 to 36 220.9 307.1




TABLE IIT-2.

SP-2H Crash Test No. 1, Liquid Breakup Model Input
Velocities and Droplet Data Output

Velocities Positions Droplet Diameters
Time Primary|Final |10% Spray|90% Spray|Breakup
Increment|Duration|Average | A/C Fuel |Fuel-to-Air|From | To D 4 D a Mass < D |Mass < D Time* Time
rm mm
No. (sec.) g's (ft/s) | (ft/s) (ft/s) (£t) | (£fY) (cm) (cm) (sec.) Steps
(cm) (cm)
1 .050 2.6 154 34 188 4.5( 12.2(.182 .0369 .011 .076 1.0 E-3| 17
5 .370 2.3 150 32 182 62.2(113.7(.190 .0382 .012 .080 1.1 E-3| 14
6 .090 1.1 125 22 147 113.7(125.0(.252 .0480 .014 .11 3.0 E-3| 26
10 .420 2.0 111 30 141 174.21220.9(.267 .0503 .015 .12 3.3 E~-3] 27
11 1.340 1.5 94 26 120 220.9(307.1/.330 .0600 .018 .13 4.8 E-3] 32
“ to te
S} 36 62 .797 .125 .039 .27 23.7 E-3] 51
* Breakup time is total time for secondary breakup to occur; primary breakup time not included but is short

(< 0.1 ms).



LIQUID BREAKUP. The major purpcse of the analysis of the crash

dynamic data was to establish compatibility between large-scale
testing and liquid breakup analvsis and modeling. Liquid breakup
is discussed in detail in Section V. This is particularly impor-
tant considering the general lack of droplet size and distribu-
tion data for large-scale tests.

Referring again to Table ITI-2, the input data were applied to
the Falcon R&D Liquid Breakup Computer Model to obtain the droplet

data presented. Applicable assumptions for this computation were:

Fuel: (Neat Jet A)

Density Py = 0.807 g/cm3
Surface Tension c = 30 dynes/cm
Viscosity "L = .015 poise
Air:
. -3 3
Density pq = 1.293 x 10 g/cm
. . i -4 .
Viscosity ng = 1.722 x 10 poise
Temperature (Fuel & Air) T = 0°C
Orifice Diameter (Avg.) DO = 7.2 inch = 18.3 cm

It is important to note that the model is limited in this applica-
tion by the necessary assumption of a circular orifice, and by

its current omission of the effects of Tayvlor-modified breakup--
which is evidently applicable in these tests. Droplet evaporation
is also neglected in this example. Table III-2 summarizes the

data for primary and final droplet mass median diameters, and the
10% and 90% diameters for the six time increments selected. Figures
ITI-3 through ITII-8 present the droplet diameters versus cunula-
tive mass percent as computed and graphed by the computer program
for six time increments.

In all cases, the upper (solid) curve is the "primary" droplet

size spectrum, terminating with the symbol "M." The "final"
droplet spectrum is a lower dotted line, terminating in a number
which represents the time steps taken in secondaryv breakup before
reaching the "final" distribution. For these runs, steps 1

through 20 were each increments of 0.06 milliseconds; steps 21
through 40, 0.30 milliseconds, and steps 41 through 60, 1.50 milli-
seconds.
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Review of Table III-2 and the six related graphs reveals a con-
sistent trend towards larger droplets with diminishing relative
fuel-to-air velocity. Corresponding aircraft position data indi-
cate the locations along the "runout" to which these elevated
fuel~to-air velocities applv. The earlier time incremen*ts repre-
sent both the higher velocity and deceleration conditions along
the entire crash runout. Hence, they represent the most stressful
conditions for the spilled fuel. Thece position data indicate
the sequences of minimum-sized droplet populations that are being
deployed in the mist cloud along the crash "runcut." The time
data can be applied to fuel discharge data to obtain the quantity
of fuel for each increment.

Of course, it is evident that all the droplet populations produced
during this crash with neat Jet A fuel were readily flammable--
the port wing is enqgulfed in flames from early in the crash se-
quence (per the photos in reference 1). However, for AMF test-
ing, the application of the liquid breakup model could be an
invaluable supplement to data analysis, as follows:

1. The model could be used to establish optimum locations
along the crash runout to arrav fuel mist cloud (droplet) diag-
nostics.

2. Discrete droplet data from a crash test could be used in
conjunction with the more comprehensive model predictions to
define subdivided mist clouds with characteristic droplet popula-
tions.

3. Any regions of an AMF mist cloud in which ignition or
propagation are observed in films could be compared with corres-
ponding droplet population data. This feature would be invaluable
when "marginal" conditions are encountered in crash tests, as are
encountered in other flammability tests.

A similar analyvsis cannot be performed on Test Nos. 2 and 4 since
the breakup model does not currently account for Taylor breakup,
and a data base of antimisting fuel droplet spectra is not
available for model alignment. However, it is quite feasible to
extend the model to AMF's with further development.

Quantitative mist cloud analvsis applied to full-scale crash tests
is highly desirable for direct comparison to both large- and
small-scale AMF flammability testing. If scaled rigs show that
critical droplet populaticns are developed under similar (or
scaled) test conditions, credibility is vastly enharced. Indeed,
a consistent set of critical droplet populations between various
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Description

FAA Wing Fuel
Spillage Facility

NWC Wing
Spillace Facility

RAE Rocket Sled
Test Facility

RAE Minitrack
Test Facility

JPL Mini-Wing
Shear Facility

TABLE III-3.

Scale

Full

Large

Large

Small

Small

Airflow

Free Air Jet

Free Air Jet

Static

Static

Free Air Jet

Wing Fuel Spillage Facilities

Tank

Static

Static

Moving

Moving

Static

Fuel
Expulsion

Pressure
Head

Gravity
Head

Deceleration

Deceleration

Pressure
Head
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TABLE III-4. Fuel Ejection Velocity in Meters/Sec.
(From Reference 3)

95th Percentile Time: O ms. 75 ms. 150 ms. 160 ms.
Accident
Tank Length: Velocities (in Meters Per Second):
20 ft 39 81 15 N.D.*
10 ft 38 65 15 N.D.
5 ft 38 53 15 N.D.
2-Rocket Sled 68 55 52 51
Test
1-Rocket Sled 43 35 36 35
Test

* N. D. — No Data






flammability facilities would be invaluable. It is conceivable
that the Minitrack could be adjusted to provide representative
mist clouds in quantitative terms. Droplet measurements on a
screening test such as this might alsoc indicate anomalous perform-
ance of an AMF with a different sensitivity to the Minitrack's
particular dynamics.

JPL MINI-WING SHEAR FACILITY.

This facility utilizes a free air jet 8 inches in diameter at
discharge, capable of a maximum speed of 80 meters/second.
Approximately two diameters downstream, centered (elevation view)
in the jet, is the mini-wing leading edge, incorporating a slit
0.5 cm (0.2 inches) high for fuel release upwind. Maximum fuel
ejection speed is 15 meters/sec. Located approximately 3.6 air
jet diameters downstream (centered in the jet) is an oxy-
acetylene flame whose holder and mass flow can be altered to vary
ignition source size ard enerqgy release rate.

Thermocouples at four locations downstream (from about 7 to 17
diameters from the free jet orifice) along the jet flow axis
monitor wake flames.

Test parameters are air jet speed, fuel ejection speed and mass
flow, fuel temperature, and AMF concentration.

This facility must be considered in the broader context of a multi-
faceted program by JPL to advance AMF technology. This includes
fundamental study of AMF behavior during bhreakup (e.g., pendant
droplet testing), development of a somewhat larger small-scale

wing shear apparatus, and application of advanced imaging techni-
qgues to guantitatively evaluate AMF mists.

The advanced imaging technigques have already been applied to the
JPL Mini-wing testing. Reference 5 provides preliminary data and
images on fuel mists for Jet A neat and with FM-9 AMF in concen-
trations of 0.1, 0.2, and 0.3% by weight. This work is partic-
ularly relevant to correlations of AMF flammability test rigs,
since combustion-based correlations may be supplemented by quanti-
tative droplet data correlations.

The data presented in reference 5 are promising, but need the
following features to allow direct correlation with liquid break-
up models and/or less sophisticated diagnostics being recommended
for other AMF flammability tests:

1. The droplet mist should be characterized in the region
of the ignition source. As illustrated by the example model
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FAA FLAMMABILITY COMPARISON TEST APPARATCUS.

The FCTA has been develcped to provide a common apparatus for
evaluating the flammability of AMF's at various facilities. Five
units have been shipped to various test facilities, with a sixth
retained a2t the FAA Technical Center. The FCTA provides & porta-
ble, self-contained, semi-autometic test svstem which requires
minimal test fuel and can he operated indoors with adequate space
and proper precautions. AMF's can be evaluated at various fuel
flow rates and air speeds. The units have been calibrated and
come with an operating manual. The FCTA is invaluable for screen-
ing the candidate AMF's and for monitoring the flammability per-
formance of various batches of AMF at different points in their
storage life.

Details on the FCTA are presented in reference 6. Flammability
criteria have been discussed in Section II. Briefly, air from a
pressurized tank is introduced into a l-inch T.D. mixing pipe in
a velocitv range of 40 to 80 meters/sec. Test fuel is expelled
from a cylinder by a motor-driven pistorn into a 0.25" thin wall
stainless steel tube. This tube penetrates the air pipe and
extends along its centerline 4.5 inches before expelling the fuel
upstream into the air flow, typically at rates from 8 to 18
ml/sec.

The two-phase mixture prcocceeds downstream where it is expelled
through a 16-inch diffuser whose large end is 4 3/16-inches in
internal diameter. The diffuser protrudes through the right-hand
side of the FCTA's cabinet. A bucket catches liquid from the
diffuser's outlet, and a 4-foot by B-foot steel pan collects air-
carried ejecta. A propane torch is mounted along the axis of the
diffuser, pointed downstream, with the flame holder tip about
five inches from the exit plane of the diffuser. Any resulting
combustion is recorded photographically against a background qgrid,
and by a radiometer looking orthogonal to the axis of flow--20
inches to the side and 9 inches awav from the right-hand wall of
FCTA's cabinet. Runs are typically performed at various combina-
tions of fuel flow rate and air speed to ohtain sequentially more
severe test conditicns and comhustion responses. The FCTA is the
culmination of development work as given by references 7, 8, 9,
and 10.

ANALYSIS. The FCTA differs from the wing spillage rigs in that
(1) no replica wing ic provided for fuel/sprav impingement and
possible reintroduction into the air flow, and (2) the air
supply, liguid jet, plume, and diffuser regions are enclosed.
Referring back to Section 11, Figure JI-4, when the diameter of






FCTA appears ideally suited for droplet characterization in the
region of ignition and firebell propagation. The already exist-
ing flammability data base could be rapidlv supplemented by "cold"
tests (e.g., no ignition source) involving relatively simple,
portable droplet diagnostics. By comparing independent test
variables of the FCTA (e.g., fuel and air velocity, AMF concentra-
tion) with droplet populations and flammabilitv results, and by
comparing similar data from large scale facilities such as the

FAA Wing Spillage Facility, verv firm and credible results should
ensue. The postulated differences in breakup mechanisms discussed
above become moot if relative fuel/air velocities can be found

for the FCTA which give droplet populations which correspond

(with scaling) to those of a large-scale facilitv.

SWRI SPINNING DISC.

The Southwest Research Instiftute Spinning Disc facility is unigue
in that it utilizes rotation to accelerate ligquid AMF into the
atmosphere past an ignition source. A disc about 2.5 inches in
diameter is mounted horizontally on a high speed (variable)
motor's shaft. A cup is centered in the disc, into which the
test fuel flows from a static tube overhead. The cup connects
with four radial flow channels in angular increments of 90° mea-
sured in the plane of the disc~-each 2 mm in diameter and 10 mm
long. The channels terminate at ports in the edge of the disc.
About 3.9 inches (10 cm) from the disc's edge is an ignition
flame. The disc apparatus has the interesting property that the
liquid flow rate through it does not vary appreciably with RPM.
Hence, for a tvpical test a suitable flow rate is established at
low RPM, and then rotational speed is increased to a maximum of
the order of 30,000 RPM. Very discrete and repeatable flammabil-
ity phenomena can ensue. The first stage involves increesing
growth of the flame envelope about the ignition source. At higher
RPM, a remarkably stable planar semi-circle of flame develops
about the torch. At still higher RPM, a full (360°), stable ring
of flame typically develops. At a "worst case" condition, the
flame propagates inward and engulfs the spinning disc.

ANALYSIS. Of particular concern was the phyvsical comparability
of liquid breakup by opposed air and fuel jets in longitudinal
translation, versus the rotational scheme of the spinning disc.
The relative fuel-to-air velocity for the spinning disc is
reported as the tangential velocitv of the disc; that is, the
product of the disc's anqular speed and its radius. Table IT1-5
presents tangential velocities for various rotatiornal speeds.
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This table also presents values of radial acceleration acting at
each exit orifice in the disc's edge, based on:
2
A =r
R w
where A_ is the radial acceleration, r is the disc's radius, and w
is the rotational speed.

Considering the high radial forces acting on the liquid at the
ejection ports, and the fact that the liquid has been acted on by
a radial force which has increased proportionately with distance
from the disc's axis, it appears that a significant radial veloc-
ity should be vectorially added to the tangential velocity to
obtain a more realistic value for the initial fuel-to-~air veloc-
ity. It is also evident that the liquid is being acted upon with-
in the flow channel by lateral Coriolis forces. These are typi-
cally expressed as the product of twice the angular velocity and
the localized translational velocity vector. In this case of
simple rotational motion, the translational velocity is related

to the applied radial force as previously defined. This indicates
that the liquid ir the flow channels is being subjected to complex

and extremely high forces. It seems plausible that at such high
forces, unrealistic responses may be expected from viscoelastic
test fuels in particular. It is possible that for one candidate

AMF, the "gelling" experienced with high flow through filters may
occur within this the disc's flow channels.

In addition, there is no evident mechanism except fluid drag to
damp out the high rotational rates imparted to the liguid up to
ejection. This could significantly influence the shapes of AMF
droplets, in contrast to relatively negligible rotational effects
in full- and large-scale spillage tests.

It is particularly important to directly compare droplet pcpula-
tions formed bv the spinning disc with droplet data from large-
scale tests. In this way, it is likelv that an empirically
derived relative fuel/air velocity (related to disc RPM) will
prove more relevant than tangential velocitv of the disc.

CORRELATION OF FLAMMABILITY TESTS.

The various AMF flammability test facilities were consistent in
differentiating between fuels severely deficient in post-~crash
fireball reduction, and relatively successful ones. Table III-6
provides data on the characterizations of the flammabilitv per-
formance of neat Jet A and AMF for each of the facilities, versus
appropriate independent test variables. For ease of comparison,






TABLE III-6.

AMF Flammability Test Data Summary (Continued)

Description Fuel \ Temps. Maximum Speeds Orifice Fuel No. of Flammability Results PIM|F
(Facility/Apparatus) Type Conc, |Fuel Air Air Fuel Total Config. Flow Tests (Description/Quantity) alala
(wt. )| (°F) | (°F) | (Ft/Sec)| (Ft/Sec) | (Ft/Sec) (in.) (Gal/Sec) s|r|i
s|g|1
(5.5 £t. to ground) FM-9 0.30 80| Amb.| 211 to 27 238 to 4,25 dia. 20 Gp. 6 |10 to 20 fps flame speed x
228 255
(7.0 ft. to ground) FM~-9 0.30 801 Amb.{ 211 to 27 238 to 4.25 dia. 20 Gp. 6 |10 to 20 fps flame speed x
228 255
(11.5 ft. to ground) FM-9 0.30 80 Amb.| 211 to 27 238 to 4,25 dia. 20 Gp. 6 |10 to 20 fps flame speed X
228 255 .
FM-9 0.30 80 Amb.| 211 to 27 238 to 4.25 dia. 20 Gp. 7 |10 to 20 fps flame speed x
228 255 flat
FM-9 0.30 80 Amb.| 211 to 27 238 to 4.25 dia. 20 Gp. 7 |10 to 20 fps flame speed X
228 255 cone
FM-9 0.30 80 Amb.| 211 to 27 238 to1 1/2 x 3 3/4, 3 20 Gp. 7 |10 to 20 fps flame speed X
228 255
NWC Fuel Spillage/ Jed A 0.00 88 | 81 to 248 11 259 6 dia. 10.3 1 40-ft. fireball X
Air Shear Tests: 100
FM-9 0.30 81 { 81 to 167 16, 190 6 dia. 14.5, 2 Fafiled ignition pulse, x
100 23 20.9 wing not engulfed
FM-9 0.30 81 | 81 to 186 22, 208 6 dia. 19.5, 2 Pool fire or wing engulfed X
100 17 15.3
FM-9 0.35 80 | 81 to 186 22 208 6 dia. 20.3 1 Self-extinguishing or no fire|x
. 100
FM-9 0.35 80 | 81 to 206 22 228 6 dia. 19.5 1 x
100
FM-9 0.40 81 ] 81 to 203 18, 225 6 dia. 15.8, 2 x
' 100 22 19.8
FM-9 0.40 80 | 81 to 218 21 239 6 dia. 19.0 1 x
100
FM~-9 0.40 82 { 81 to 240 21 261 6 dia. 18.5 1 be
100
FM-9 0.45 80 | 81 to 269 17 286 6 dia. 14.8 1 x
. 100
FM-9 0.45 84 | 81 to 285 16 301 6 dia. 14.3 1 x
100
FM-9 0.50 77,| 81 to 223, 16, 279 6 dia. 14.0, 3 X
82 100 270 9 7.9
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TABLE 11I-6. AMF Flammability Test Data Summary (Continued)
Description Fuel Temps. Maximum Speeds Orifice Fuel o. of Flammability Results PIMF
(Facility/Apparatus) Type Conc. |Fuel Air Air Fuel Total Configqg. Flow ests (Description/Quantity) alala
(wt. %) (°F) °F) |(Ft/Sec) |(Ft/Sec) (Ft/Sec) (in.) (Gal/Sec) s|r]i
sla]t
FAATC Flammability Comparison Jet A 0.00 64 | Room 131 to 6.4 170 0,09 dia. .0021 Wake flame, <0.4 BTU/ftz-sec X
Test Apparatus: 164
Jet A 0.00 64 | Room 164 to 6.4 203 0.09 dia. .0021 Fwd. flame, 0.4 BTU/ftz—sec x
197
Jet A 0.00 64 | Room 197 to 6.4 252 0.09 dia. .0021 x
246
Jet A 0.00 64 |Room| 131 to 7.9 172 0.09 dia. .0026 Propagatiop into nozzle, X
164 0.6 BTU/ft -sec
Jet A 0.00 64 | Room 164 to 7.9 238 0.09 dia. .0026 x
230
Jet A 0.00 64 | Room 246 7.9 254 0.09 dia. .0026 b3
Jet A 0.00 64 | Room 131 to 12.7 259 0.09 dia. .0032 to bs
246 .0042
{Batch A) FM-9 0.30 64 | Room 148 to 11.2 257 0.09 dia. .0021 to X
246 .0037
FM-9 0.30 64 | Room 148 to 12.7 259 0.09 dia. .0042 bs
246
FM-9 0.30 64 | Room 230 12.7 243 0.09 dia. .0042 X
FM-9 0.30 64 { Room 148, 14.5 178 0.09 dia. .0048 X
164
’ FM-9 0.30 64 | Room 181 to 14.5 260 0.09 dia. .0048 bs
246
SwRI Spinning Disc Jet A 0.00 77 | Room 0 49 to 49 to .079 dia. .0022 7 Flame radiation increase X
Tests: 246 246 (4 orifices)
Jet A 0.00 N.D.| Room 0 33 33 .079 dia. .0022 6 Flame radiation increase X
FM-9 0.30 68 | Room 0 227 227 .079 dia. .0021 5 Flame radiation increase X
FM-9 0.30 73 | Room 0 204 204 .079 dia. .0021 5 Flame radiation increase X
FM-9 0.30 79 | Room 0 200 200 .079 dia. .0021 5 Flame radiation increase b4
FM-9 0.30 93 | Room 0 204 204 .079 dia. .0021 5 Flame radiation increase X
FM-9 0.30 109 | Room 0 200 200 .079 dia. .0021 ‘4 Flame radiation increase X
FM-9 0.20 70~-] Room 0 152 152 .079 dia. .0021 1 Flame radiation increase X
80
FM-9 0.30 70-] Room 0 225 225 .079 dia. .0021 1 Flame radiation increase X
80 .
FM-9 & 0.30 N.D.| Room 0 227 227 .079 dia. .0021 7 Flame radiation increase bs
Gyl-amine
FM-9 & 0.30 N.D.} Room 0 282 282 .079 dia. .0021 2 Flame radiation increase x
Gylcol
FM-9 & 0.30 N.D.| Room [y} 286 286 .079 dia. .0021 2 Flame radiation increase X
SO-A ’
[
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a uniform set of units was employed in the matrix for all sources
of test data. The most important independent test variables are
grouped in the left~hand columns of the matrix, and the flammabil-
ity results are provided at the extreme right. Implicit in our
matrix is the working hypothesis that the relative fuel-to-~air
velocity is fundamental to liquid breakup. Since both temporal
and spatial conditions are non-uniform for many of the tests, we
sought to define maximum relative speeds for each of the tests.
Unfortunately, the maximum absolute velocity of ejection of the
liquid fuel was not explicit in much of the data, and analytical
methods were reported in others. The fuel velocity data presented
in Table I1II1I-6 typically represent conservatively low peak fuel
ejection velocities in the absence of data to the contrary.

In the first case, the NAEC SP-2H Crash Tests, the analytical
methods of reference 1 were applied. This particularly involves
using the assumed coefficients of velocity and contraction, 0.985
and 0.62, respectively. This provides a relatively high fuel
ejection velocity, since a sharp-edged orifice is assumed. It is
noted that with a rounded-edge orifice, the contraction coeffi-
cient increases to 1.0--which yields no contraction from the 6" x
9" rectangular orifice--and hence a minimum fuel ejection veloc-
ity for the same conditions.

In the case of the FAATC Wing Fuel Spillage Tests, a coefficient
of 1.0 was assumed in the absence of data or fuel stream contrac-
tion. Effort is underway to characterize the liquid fuel jet at
this facility which may resolve this question. For the NWC Wing
Spillage Tests, a sharp-edged orifice was utilized--so a contrac-
tion coefficient of 0.61 was applied to the 6-inch round fuel
orifice.

In the remainder of the tests of Table III-6, coefficients of 1.0
were applied in the absence of other data. It is important to
note, however, that in the case of the Southwest Research Insti-
tute (SwRI) tests, the tangential speed of the spinning disc at
its outer edge is utilized for fuel ejection velocity--i.e., the
radial component of fuel ejection velocitv is ignored. This is
consistent with SwRI's method, and computing the radial component
with viscoelastic fluids was not feasible.

The orifice shape effects are considered significant to breakup.
The column provided gives the configuration of a single, typical
orifice. Where multiple orifices were used, the number is given
in the same column, or under "results."




The fuel flow rate in the next column applies to the orifice de-
fined in the prior column. This fuel flow column may seem redun-
dant, since ligquid ejection velocity and orifice configuration
are given. However, it was noted in several of the tests that
flammability results differed significantly with higher versus
lower "loadings" of the airstream by eijected fuel--under other-
wise similar conditions.

Table III-7 provides the most comprehensive data for comparing
flammability results at nominal fuel temperatures of seven facil-
ities--involving FM-9 AMF, particularly at 0.30 weight percent
concentration. The fuel-to=-air velocities for the "pass" condi-
tion for the SP-2H crash tests and the FAA Wing Spillage Tests
are remarkably close. The progressively increasing speeds for a
"pass" condition with increasing concentration are self-consis-
tent and reasonable. This consistency is shared by the NWC Wing
Spillage Tests, but with a very significant shift upwards in level
of FM-9 concentration for a similarly acceptable limit of flamma-
bility performance. The 0.40% concentration in the NWC test has
a "pass limit" velocity 16 ft/sec less than the corresponding
limit on the FAA Wing Spillage facility for 0.30% concentration.
At the same 0.40% concentration, the "fail 1limit" is 57 ft/sec
higher on the FAA facility than for the NWC's smaller-scale Wing
Spillage facility. The two most likely possibilities are that
the NWC test is more severe (as with a scale effect), or that the
difficulties with AMF sample quality, mixing, and/or handling
gave an effectively inferior performance at the NWC facility.

The FAA's Flammability Comparison Test Apparatus in intended to
preclude the latter ambiguity in the future.

The UK/RAE 2-rocket sled tests give a "pass-to-fail" threshold
velocity for the 0.30% FM-9 concentration (246 ft/sec) that cor-
responds to the median speed of the FAATC's Wing Spillage Tests
for the "marginal" condition and the same FM-9 concentration.

The problem is that the "fail" condition for the "2-rocket" test-
ing is at a fuel temperature only 6°F greater than the nominal
81°F tested at FAA which gave a "pass" condition. Furthermore,
testing at the FAA to 96°F gave a "pass limit" of 235 ft/sec, a
drop of only 3 ft/sec. This discrepancy is aggravated at higher
concentration--0.40% FM-9 fails in the UK/RAE 2-rocket test at
246 ft/sec and 97°F, whereas the same concentration passes at the
FAA Wing Spillage Facility at 322 ft/sec, a difference of 76
ft/sec (31%) for a 17°F differential.

The UK/RAE 3-rocket sled tests show a "marginal" condition at 322

ft/sec down to 79°F fuel temperature, whereas the FAATC Wing
Spillage tests show a "pass" condition at 322 ft/sec--both for
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TABLE III-7. Fuel-to-Air Speeds in ft/sec by Facility, FM-9 Concentration, and Flammability.

FM-9 Concentration (Weight %) in Jet A
0.20 0.25 0.30 0.35 0.40 0.45 0.50
NAEC SP-SH Pass 236
Crash Tests Marginal 236
(.27%)
Fail
FAATC Wing Fuel Pass <193 <201 <238 <265 <323
Spillage Tests Marginal 206 214 246 271 328
(Median)
Fail >218 >226 >255 >277 >333
NWC Wing Spillage/ Pass 208 225 279
Air Shear Tests Marginal 190 228 239 286
Fail 208 261 301
UK/RAE Rocket Sled Pass 246
Tests-2 Rockets (thru 84°F)
Marginal
Fail 246 246 246
(>86°F) (97°F)
UK/RAE Rocket Sled Pass 322 322
Tests-3 Rockets (<68°F) (93°F)
Marginal 322 322 322
(73°F) (79 - 86°F) (95°F)
Fail 322
(>77°F)
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TABLE III-7.

Fuel-to-Air Speeds in ft/sec by Facility, FM-9 Concentration, and Flammability (Cont'd).

FM-9 Concentration (Weight %) in Jet A

0.20 0.25 0.30 0.35 0.40 0.45 0.50
JPL Mini-Wing Pass 218 to
Spillage Tests 284
Marginal
Fail
FAATC Flammability Pass 257
Comparison Test Apparatus-— Marginal 259
Nominal Fuel Flow Fail 243
(.0021 thru .0042 gal/sec)
FAATC Flammability Pass 163
Comparison Test Apparatus- Marginal 178
High Fuel Flow Fail 195
(.0048 gal/sec)
SwRI Spinning Disc Pass <152 <200 to
Tests 227
(to 109°F)
Marginal
Fail >152 >200 to
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the same 0.40% FM-9 concentration. Relevant temperature versus
velocity curves are provided by Figure III-9.

It is interesting to note that the temperature sensitivity shown
by the UK/RAE testing works in the other direction, as well. An
FM-9 concentration of 0.30 is sufficient for a "pass" result at
322 ft/sec at 68°F per the UK/RAE 3-rocket sled tests, whereas
chilling the same concentration fuel to 47°F at the FAA Wing
Spillage facility gives a "pass limit" speed of 225 ft/sec--a
discrepancy of nearly 100 ft/sec (43%). 1In fact, chilling the
0.30% fuel from 81°F to 47°F at the FAA facility only increased
the "pass limit" speed by 15 ft/sec. Comparing slopes in Figure
I171-9, a 3.3°F fuel temperature rise in the UK tests and a 35°F
rise in the FAA tests both give a "pass limit" velocity reduction
of 20 ft/sec.

It is apparent that the FAA Wing Spillage and UK/RAE 2-rocket
sled tests agree at 0.30% FM-9 concentration and about 80°F fuel
temperature--but diverge very significantly as test fuel tempera-
ture either increases or decreases. It is possible that the very
different natures of the heating and ignition sources of the two
facilities may account for much of the discrepancy. The UK/RAE
facility applies much more heating to a mist configuration which
rapidly decelerates in the region of the ignition sources, whereas
the FAATC Wing Spillage Facility provides transient heating by a
wake flame in a relatively high velocity flow field involving a
small portion of the total fuel/air plume.

For the JPL Mini-Wing Spillage Tests, data usable for this compar-
ison were available from an FAA report (reference 11). JPL test
data were presented (reference 5) in a scaled format which did
not provide all the necessary parameters of Table III-7. The
maximum speed presented, 284 ft/sec, is not necessarily a "pass
limit", since no failure velocities were available. However, the
reported maximum wake flame length of 3.1 ft. is near a limit
cited elsewherel?2 of 1 meter (3.28 ft). Comparing the highest
speed, 284 ft/sec, to the FAATC Wing Spillage Facility's "pass
limit" of 238 ft/sec gives an apparent overstatement of 46 ft/sec
(19%) , using the latter as a standard. This difference may in-
crease, depending upon how much additional velocity is necessary
with the JPL Mini-Wing to get a 3.3 ft long wake flame. Scale
effects may account for much of this discrepancy.

The FAATC's Flammability Comparison Test apparatus (FCTA) util-
izes maximum heat output as measured by a radiometer--compared
with the flame size/speed evaluation schemes of the other facil-
ities. As detailed in reference 13, "pass," "marginal," and
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radiometer. This may explain why the heat flux diminishes with
increasing air velocity (at the same fuel flow) after the "fail®
condition is reached. Droplet characterization may show that the
higher fuel/air velocities give a more finely divided fuel,
eliminating any ambiguity that "pass" conditions are encountered
at higher velocities than "fail" conditions.

Finally, the quantity of fuel that exits the FCTA's diffuser as
flowing liquid after the run may require measurement and appro-
priate corrections--since variations in that parameter mean dif-
ferences in fuel spray available to burn, and may affect total
heat output in an otherwise unknown way.

The SwRI Spinning Disc is physically the most different from the
idealized contra-stream flows of fuel and air. However, the
upper range of its pass/fail threshold is only 10 ft/sec less
than the corresponding value for the FAA Wing Spillage Tests.
Figure III-9 shows liquid fuel temperature sensitivity, in compar-
ison with other facilities. Note that the slope of the Spinning
Disc curve is quite similar to that of the FAA Wing Spillage
facility. The lower velocity values of the Spinning Disc (about
40 ft/sec) compared to the Wing Spillage data should be due in
part to the fact that the radial velocity of fuel ejection from
the disc is not accounted for.

The literature (references 11 and 13) documents a discrepancy
between flammability results of the SwRI Spinning Disc and the

JPL Mini-Wing Facility. The Spinning Disc testing indicates that
amine is not necessary in the carrier fluid, whereas the JPL

tests indicate the opposite. We could not resolve the difference
using existing data, but characterizations of test facility condi-
tions and droplet spectra should do much to resolve such dif-
ferences.

ENHANCING CORRELATIONS.

Considering AMF flammability tests as a group, there are uncer-
tainties associated with both independent test variables (e.g.,
relative fuel-to-air velocity) and the flammability-related
results (dependent test variables). Particularly for small-scale
tests, some scaling of fuel-to-air relative velocity may be
essential to properly replicate full-scale crash conditions.

This is difficult considering the number, complexity, and inter-
dependence of aerodynamic, liquid-breakup, heating, ignition, and
flame propagation phenomena. The varving pass/fail characteriza-
tions of the combustion phenomena of the several test facilities
do not always lend themselves to direct, quantitative
comparisons.
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reducing the need for repeated testing (particularly at large
scale), and vastly increasing understanding and confidence in AMF
performance.

AERODYNAMICS. Further aerodynamic characterization appears par-
ticularly appropriate for the various Wing Fuel Spillage rigs
that employ free air jets. It is evident that the pass/fail cri-
teria of the several air jet facilities apply to various jet
regions. Velocity and turbulence intensitv data are desirable in
the regions of the ignition source(s) and typical propagation.
Anemometers with this capability are commonly available. Such
data are important for assessing liguid breakup and flammability
of the resulting mist.

FUEL JETS. Determinations of the contraction coefficients re-
lated tc the jets of ejected fuel should be made for all AMF flam-
mability test facilities utilized in the future.

DROPLET DIAGNOSTICS.

Recent emphasis on atmospheric studies has led to the development
of particle measuring diagnostics which may prove far more cost-
effective than the older, more rudimentary and labor-intensive
techniques. The most attractive systems use lasers for direct
imaging, or a particle sizing interferometric method for the off-
axis detection of scattered light (Particle Measuring Systems,
Boulder, Colorado; and Spectron Development Laboratories, Inc,
Costa Mesa, California, respectively). The latter method pro-
vides droplet velocity and turbulence intensity data in addition
to droplet sizes and number densities--a desirable but not indis-
pensible capability. Diagnostic systems can be purchased which
greatly facilitate data reduction, at large potential savings in
manpower. Equipment can be purchased outright, leased, or pro-
vided for a specific time period fully manned with an experienced
crew. The latter may be particularly attractive for "one-shot"
droplet characterizations of a given AMF flammability test facil-
ity.

Laser light detection and ranging (LIDAR) methods of the Computer
Genetics Corporation (CGC) were also evaluated for application to
aircraft crash tests and large-scale AMF flammability tests. CGC
has applied Brillouin, Rayleigh, Mie, fluorescent and Raman scat-
tering techniques to atmospheric, hydrographic, and pollutant
parameter measurements. A typical use is to remotely monitor
municipal power plant stack emissions.
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Based on our specific inquiries, acquiring droplet size distribu-
tion data, particularly in the densities encountered with AMF

testing, is not fully developed and operational with LIDAR sys-
tems at the present time.
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IV. ANTIMISTING FUELS RHEOLOGY

The broad objectives in examining the rheological characteristics
of antimisting fuels under this program are to assess existing
techniques and characterizations of fluid properties relative to*

) flow (through fuel lines, from crash formed orifices,
etc.), and
° breakup associated with crash release.

These features, of course, are in support of an overall program
objective of correlating rheological and flammability test data.

In reviewing existing work on fuel rheology, particular attention
was given to what is measured versus what is needed to characterize
fluid behavior in the indicated situations. These features were
explored with full recognition that no known single measurement
technique is apt to be appropriate to yield all the rheological
parameters of interest, and that it is not practical to specify a
set of parameters appropriate to achieve full generality across the
undefined range of rheological behavior of possible antimisting
fuels. It was considered advantageous, therefore, to concentrate
on those rheological features which have been observed for current
or past candidate fuels, and on features indicated as potentially
important to liquid breakup.

Accordingly, our rationale for technique examination has involved
two considerations~-near term and long term. For near term, more
detailed fluid properties are desirable to better quantify flow and
breakup process performance. For the long term, selected fluid
properties are desired which correlate with overall antimisting
fuel performance and therefore can be used for quality control of
the fuel.

The general types of liguid properties which appear to be appropriate .
for near term needs include: the shear and elongation (tensile)
stress-strain rate flow curves, the corresponding viscosities, dis-
continuities or regions of rapid change of slope in the flow curves, -
appropriate measures of fluid elasticity, time dependent effects

*An original intent was to explore the finding in connection with uninten-
tional degradation, as well as the flow and breakup featurcs. While some quali-
tative remarks relative to unintentional degradation were gleaned, so very

little is apparently known about this topic that meaningful discussion of it
here is not possible.
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(such as thixotropy), gelation-like effects, strain-rate relaxa-
tion times, and surface tension.

Parameters suitable for the long term gquality control type needs
are not well known, in general, but can likely be established for
specific modified fuels which represent viable candidates. For
example, an FM-9 fuel might be rheologically characterized by simple
tests which confirm that the additive concentrations are within
certain prescribed limits, the lower and upper critical shear rate
values fall within suitable ranges, the shear and tensile viscosi-
ties are suitable to give simple breakup and flow performances
within selected limits, and the intentional degradation can be
achieved with a selected system by applying an amount of mechanical
power in a given range.

In view of the rheological uncertainties involved in the flow and
breakup of generic types of antimisting fuels, a pragmatic approach
to their rheological characterization is to emphasize techniques
which actually involve selected features of fuel flow and breakup
under conditions similar to those expected to be encountered in
various flammability tests. This will permit key behavioral fea-
tures to be observed and accounted for, if not fully analyzed.

For flow, the techniques which involve the following are believed
to be the most relevant:

rotational rheometers

capillary rheometers (flow-through tubes)
filter/screen/porous bed-type schemes
open siphon/pendant drop-type schemes.

A number of rotational type instruments, including some which are
commercially available, have been reviewed by Van Wazer, et. al.,l
Walters,?2 and Gaskins and Philippoff.3

Of this group the rotating disc type unit represented by the Brookfield
Model LV Synchro-Lectric Viscometer with LV adapter represents a
convenient device for low-shear viscosities. This relatively in-
expensive unit, indicated as a constant temperature viscosity scheme

to be examined under this program, is a commonly used and viable
instrument for determining low shear viscosities of antimisting

fuels. Despite its usefulness in this role, the overall utility

of the Brookfield unit is somewhat limited in its ability to obtain

a wide range of shear rates for a narrow viscosity range.

The group of rotating cone and plate rheometers, such as the Weissenberg

Rheogoniometer,l the Mechanical Spectrometer (Rheometrics) and the
Rotary Rheometer (Instron)2, have been used to characterize
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non-Newtonian liquids with varying degrees of success. These units
are reported to suffer from problems with secondary flow and ejec-
tion of material from the wedge region for certain antimisting
fuels (especially FM-9 fuel). As a result, these units have some-
what limited ability to characterize the shear behavior of anti-
misting fuels, but do represent viable candidates for this purpose
in low shear rate regions where such effects are unimportant.

The third group of rotating viscometers is represented by the

coaxial cylinder units such as the Rotovisco (Haake).l While this
unit has less inherent capability for assessing viscometric normal
stress effects, it has been used with a certaln amount of success

in characterizing viscoelastic antimisting fuels.?4 It has also

been used previously® with other viscoelastic materials and, together
with an ELZ Visco-Elastic Attachment (Haake),3 has been used for
measuring the elastic recoverable shear strain.* The procedures

for reducing these couette flow measurements have been given in some
detail by Krieger and Associates.®-8

The capillary viscometers have also been reviewed by Van Wazer, et.
al.,l Walters, and Gaskins and Philippoff.3 A number of instruments
of this type are available commercially for gravity or low pressure
induced flow. The high pressure units which have been developed in
certain laboratories are essentially one-of-a-kind units.3: 21 The
operation of this type of instrument is based on flow through tubes
and a derivation of the associated fluid analysis and instrumental
parameters is given in the literature.l, 2, 8, 12 Three primary
rheological parameters can be determined with this type of instrument:

*The use of finite elastic strain concepts to describe fluid response was
proposed in several early theories,2-15 following Reiner and Freudenthal'sl6
development of a dynamical theory of strength based on a maximum stored distor-
tional energy. Their approach depends on the idea that the energy used in
deforming a viscoelastic liquid is in part stored (as elastic or recoverable
strain energy) and in part dissipated (in viscous flow). This scheme introduces
a rate dependence, since if energy is input so slowly that it can all be dissi-
pated, there can be no accumulation of energy to cause rupture. Although it is
recognized that such an approach has sometimes been viewed as antiquated,
Truesdel1l”? has related it to second order fluids, and Petriel8 notes a revival
of interest in the idea. The recent experimental results from Vinegradov and
co-workersl9: 20 show that the state of affairs is not so simple, but the Reiner

idea offers a useful first approximation. It is conjectured that the approach
may merit some further consideration as a semi-empirical scheme for use with
antimisting fuels, because of its relative simplicity and physical appeal. Such

activity should take into account recoverable elongational strain as well as
recoverable shear strain.
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terms of separate shear and elongational flow features represents
a questionable procedure at best, and some alternate technique or
configuration that could give separately interpretable results is
generally preferred.

In this connection another simple test noted as the cup viscosity
test, was also indicated as a scheme to be examined under this pro-
gram. The cup-type viscometers, of which there are several types
including the Demmler, Ford, Zahn and Gardner one-shot cups, are a
number of classes of short-tube or orifice viscometers. The comments
by Van Wazer, et. al.l relative to these devices are most appropriate.

"The original design concept of these viscometers were derived
from the Hagen-Poiseuille law which states that the efflux
time of a fixed volume through a capillary is proportional to
the viscosity of the fluid. Unfortunately, the viscometers
that were developed consisted of short capillaries or orifices.
Flow in these viscometers does not obey the Hagen-Poiseuille
law and efflux times are not in any simple relation to the
viscosities...

This type of viscometer, however, is widely used. The popu-
larity is due to simplicity and inexpensive operation. In
some industrial fields, this type of measurement has been
applied to correlate a sample property in terms of the results
obtained. However, this is true only when variation of the
fluid property from sample to sample is small. For a highly
non-Newtonian fluid, these viscometers will definitely fail."

The open siphon and pendant drop type schemes noted as flow measure-
ment techniques were employed by Peng and Landel, 25 and Sarohia and
Landel?6® in connection with evaluating the elongational viscosities
of antimisting fuels. The basic geometrical configuration for these
schemes (as well as for filtration) are shown schematically in Figure
IV-1. These two test techniques are somewhat unique as schemes for
direct evaluation of tensile viscosities, although a third scheme
based on converging flow (also noted in Figure IV-1) has also been used
by Metzner and Metzner.27 The latter is not known to have been used
for antimisting fuels. Each of these have limitations: all give
non-steady state results, tend to bhe laboratory-type schemes, and
require some degree of fastidiousness to obtain useful results. On
the other hand, they probably represent the best techniques available
at present for tensile viscosity determinations of antimisting fuels.

Attention will now be turned briefly to rheological techniques and
measurements which are more closely associated with fuel breakup.
As might be expected, information in this area is rather sparse.
The reasons, of course, are obvious since breakup represents a
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discontinuity in flow, and the fluid measurements and techniques
noted apply basically to flow prior to (or during various intermedi-
ate stages of) breakup. Correlations of fluid properties with
breakup are about the best that can be expected at present, and

this topic has been discussed at length throughout the liquid
breakup section of this report. It is perhaps useful to highlight
some of the results indicated, suggested or implied from that
section.

The current investigation of antimisting fuels breakup has given
some indication of the rheological features apt to be important
in the breakup process. The tensile viscosity and/or elasticity
associated with an elongational strain rate is of special import
in the formation and breakup (or not) of liquid filaments and
threads. Shear viscosity plays a minor role in this action,
unless this viscosity is quite large.

On the other hand, shear viscosity appears to play a dominant role
in instability (wave) growth and ligament shedding. The contri-
bution of tensile viscosity in this case is believed to be minor.

The formation of gel-like material for particular strain rates,
such as with FM-9 fuel, may have a profound influence on breakup.
The reversibility of this gel-like nature may be of far greater
import to the flow through pipes, pumps and fuel filters than to
liquid breakup, since the fluid is not expected to relax before
breakup occurs.

These observations seem to suggest that in liquid breakup, a
principle which may be loosely described as a "principle of least
resistance," seems to govern what happens in response to a given
driving force. This view also seems to be correlated to some
extent with the rheological properties of the antimisting fuel.
In particular, whichever viscosity--shear or tensile--is the
lesser will determine what happens at that stage of the breakup
process, provided the configuration permits (or causes) a flow
governed principally by that parameter to occur.

The closely related situation which may be envisioned as occur-
ring frequently in liquid breakup consists of simultaneous shear
and elongational flow. The governing parameters in this case are
not well known. This type of motion borders on the hypothesized
actions of drag reducing fluids in suppressing turbulence in a

liquid. A laminar counterpart to this turbulent flow action in-
volves combined longitudinal flow and secondary flow in curved
tubes. The effects of polymer additives in this combined flow case

have been examined by Tsang and James .28
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The breakup mechanisms of importance are expected to include oscil-
latory, stripping and Taylor breakup. Relevant findings reported
in the general spray literature were used, together with limited
results directly applicable to antimisting fuels, in identifying
these key mechanisms and their 1likely role in jet and droplet
breakup. Information stemming from previous FAA and related work
on antimisting fuels was also taken into consideration.

The droplet size distributions and mass concentrations of sprays
produced in various tests can, in principle, be determined experi-
mentally. The exclusive use of experimental techniques to char-
acterize droplet size information is very inefficient and is often
not feasible. 1In our opinion a better approach is to incorporate
additional liquid breakup mechanism information into a physical
model of the breakup process and align the model with selected
experimental findings. The model can then be used to extrapolate
necessarily limited test data to a wide range of operating condi-
tions and test scales, including the full-scale crash tests.

Physical models which account for complex liquid breakup phenomena
are relatively rare. Under the present effort one existing model
of this type, patterned after the early work of Mayer,l was
located. This model treats the aerodynamic stripping breakup of
ligquid injected into a subsonic airstream, accounts for both pri-
mary and secondary breakup, and characterizes the complete result-
ing size distribution on a number and a mass basis. Although

this model was the result of a major developmental effort for
other applications, extensions of the model are necessary to make
it fully applicable to antimisting fuel testing and analysis. The
model is considered to be an excellent candidate for this type

of modification in the future.

To enhance confidence in the utility of this breakup model we have,
at company expense, put a computer coded form of it on-line and
found excellent correlation with available data on Newtonian
ligquids under conditions of interest under this program. These
results are included later in the discussion.

Information as to how the breakup process governs droplet sizes

in different situations is important both to achieve an under-
standing of why the antimisting fuel works as it does, as well as
to obtain insight on potential fuel and/or system modifications

for improved fire resistance. Liquid breakup is recognized as

an intermediate step in establishing the correlation of flamma-
bility test data and in conducting exploratory development tests

of antimisting fuels. It is especially significant in the correla-
tion of flammability test data gathered from a range of small to
large size test configurations because of its impact on results
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what Rayleigh actually analyzed were the oscillations of a cylinder
of incompressible, inviscid fluid of circular cross section under
the action of surface tension. 1In this case the column of liquid
is inherently unstable. Small initial instabilities arising from
unspecified sources are expected to grow exponentially as axially
symmetric waves--which rupture the column when the largest wave
amplitude equals the column radius. The lengths of the resulting
liquid segments are determined by the wavelength, Aopt' of the
most rapidly growing disturbance. This wavelength, Aopt: depends
only on the diameter D4 of the column, is independent of the other
physical properties of the liquid or surrounding air, and is given
by

A = 4. .
opt 508 Dj (1)
The corresponding diameter d of spherical drops formed by action
of surface tension on each segment of the ruptured column is

_[3 .2 1/3
d_l:ZDj Aopt} ; (2)

While Rayleigh and many subseguent investigators have used this
theory or its extensions to treat jets, Keller, Rubinou and Tu?
have shown that the theory is not directly applicable to jets.
The difficulty is not due to (slow) motion of the jet, but arises
because the analysis assumes that the oscillation grows in ampli-
tude everywhere along the jet, including the region near the
nozzle where the jet originates. 1In reality, the oscillation is
negligible near the nozzle and grows with increasing distance
from the nozzle along the jet. The first case of oscillation
over the entire length of the column represents an example of
temporal instability, whereas wave growth with length along a

jet represents spatial instability. The general topic of spatial
instability analysis is treated by Betchov and Criminale.8

Keller and coworkers further showed that spatial growth rates of
certain modes of instability of the jet are related to the temporal
growth rates of corresponding modes of oscillation of the cylinder
for low jet speeds. This explains why good agreement is observed
between the results predicted for an oscillating liquid column and
experiments on low speed Jets.

As it turns out, the case of oscillating liquid columns which
Rayleigh treated is the one chief interest here, rather than the
case of jets. However, the connection between the two and the
fact that part of the available experimental information applies
to jets gives impetus for examining the results of other
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investigations carried out with small jets to estimate likely
breakup behavior of columns or filaments.

Subsequent efforts of Rayleigh® and the later work of Weber?9 pro-
duced more refined estimates of Appt by taking into account pro-
perties of both the liquid and the surrounding air. With low speed
jets, however, the air still only has a secondary influence on
breakup.

Weber derived the following expression for the optimum wavelength

2 1 2
- 5 : . E
Aot = Y2 T Dy 143 I (3)

where n is the shear viscosity, ¢ is the surface tension, and py
is the density of the liquid. The average diameter d of spherical
drops initially produced by breakup of the c¢ylindrical column is
still given by equation (2).

In recent years the stability of jets in stagnant air has been
investigated further by Middleman and coworkersl0-12 to more fully
evaluate the influence of the ambient medium, high speed laminar
flow, turbulence in the nozzle, and the use of viscoelastic
liquids. They found that the time to breakup t, is given by a

relationship p
hl Dj
1
= = 1pn —=
b T or "7 25 )
where: o* is the growth rate of the instability wave
D. is the jet diameter, and
dj is the initial radial dimension of the disturbance in

the jet.

In these studies the instability was characterized Ly measurement
of jet breakup length, L}, which is related to jet velocity V4 and
breakup time tp by Lp = Vi + t. Phinney's re-examination of these
datal3 suggests that the initial disturbance at the jet exit may
depend on jet velocity.

These findings further indicate that columns (i.e., jets, liga-
ments or filaments) of Newtonian liquids tend to disintegrate
readily as a result of initial disturbances which grow as station-
ary waves, even at very low speeds relative to air. The drops
resulting from the breakup of such a column depend mainly on the
column diameter.




Additional investigations of the breakup of low speed jets of
viscoelastic and viscoinelastic liquids were conducted by Goldin,
et al.l4 and by Gordon and coworkers.l> Their findings indicate
the instability pattern of a jet of viscoelastic fluid may be
dramatically different from that for a Newtonian fluid.

For 0.1% polymer,* shear thinning, viscoelastic solutions, exponen-
tial wave growths were absent. Large isolated drops appeared at
random intervals and the jet became a string of drops, irregularly
spaced, connected by thin filaments of liquid. Some filaments sub-
sequently broke, and individual drops were then released. The

filaments generally showed significant longevity and did not always
break.

Jets of liquids with lesser elastic properties (e.g., 0.05% solu-
tion as above) showed an initial region where a disturbance propa-
gated as an exponentially growing wave of constant wavelength.
Growth of this wave was stunted before breakup occurred, and a
string of regularly spaced small droplets, joined by filaments

of liquid, was again formed. With increasing distance from the
nozzle, a breakup region existed where the connecting filaments
developed secondary instabilities and ultimately broke. The
filaments then either collapsed to form small satellite drops or
were snapped into an adjacent primary drop.

With viscoinelastic liquids, filaments were also observed, but
these filaments ruptured at the filament-droplet joints. The

resulting free ligaments each disintegrated into several small
satellite drops.

The unusual longevity of the filaments between droplets was charac-
terized as due to stretching or elogational flow which increased
the elongational (tensile) viscosity of the filament. While this
flow might be induced by relative motion of the droplets to which

the filaments were attached, Gordon, et al., employed jets perturbed
by controlled disturbances. This resulted in negligible relative
motion between droplets. Even in this case of uniform droplet

spacing, the steady exponential decrease in filament diameter
indicated that a low pressure region within each droplet was
drawing liquid and creating a stretching motion in the filament
joining the two drops. Extensional strain rates on the order of
20 sec-l were observed.

* One of the materials used was Separan AP-30 (Dow Chemical Co.), a
partially hydrolyzed polyacrylamide of high molecular weight.
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Two different maximum growth rate instability waves are involved

in this process; one is of wavelength )} on the sheet, and another
is of wavelength Apopt on the cylindrical ligament. The latter is
given approximately by the Raleigh criterion equation (1). A sheet
of thickness h which breaks into a band of width o) (where o is a
constant in the range between 0 and 1) is expected to collapse into
a cylindrical ligament of diameter

o (%4
T

The resultant droplet diameter d resulting from the ligament dis-
ruption is given by

d ~ 2.1 (ha)) ‘. (5)

It will be noted that the droplet diameter can be expressed
directly in terms of the wavelenath of disturbance on the sheet.
Dombrowski and Johns24 have refined this analysis and tested it

experimentally. They express the drop diameter d in terms of the
jet diameter Dy by

1/3 176
3 3n (6)
d = - . 1 + 1/2 Dj
2
Vv (OQGDj)
with 1/5
1/3
1/6 4 7
K202 KQ v (7)
D. = 0.9614 7 . 1 + 2.60 G
] pgplv 72p2 0

and where K is a constant to be determined empirically,* V is the
relative air-to-liquid velocity, og is the gas density, and n, o,
and pg are the viscosity, surface tension, and density of the
liquid, respectively.

Sheet breakup of non-Newtonian liquids has been investigated
experimentally by Dombrowski, et al.Z25 using shear thinning alumi-
num soap petroleum "gels", and by Ford and Furmidge26 using shear
thinning water-in-oil emulsions. The formerZ25 shows an example

in which a 1/2-inch diameter jet of petrol gel injected into still

* The parametor K is related to the sheet thickness h at a distance x frowm
the nozzle orifice by h = K/x.
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air at about 150 ft/sec first develops surface irregularities,
then surface waves--which increase in extent until they are formed
into a large sheet. Such sheets are very thin and disintegrate
when they become unstable. While sheets are formed under partic-
ular conditions, their formation from jets should be recognized as
possible but not commonplace.

Thin sheets were produced in these investigations by forcing
liquid through a fan nozzle where the liquid experienced a high
shear rate. The shear-thinned viscoelastic sheets so formed all
disintegrated into stable ligaments, but the nature of ligament
breakup was found to depend on the consistency,* nc, of the
liguid. At values of n¢g = 1 the sheet broke up almost spontan-
eously into droplets. Increased values of ng >2 gave ligaments
resistant to fracture and with beads formed on them. In the range
of 25 < n¢ < 100, the ligaments remained unbroken. For values of
Nc greater than about 100, the ligaments broke up into shreds,
i.e., short cylindrical lengths. At high values of n. (near 1600),
the shreds were formed directly from the sheet. Fraser28 further
notes that sheets of dilatant (shear thickening) viscoinelastic
fluids,** consisting of high particulate concentration slurries,
break down close to the fan nozzle orifice through the formation
of holes. The associated ligaments formed are larger, as are the
resulting drops, than observed with Newtonian liquids because the
sheet has not expanded so far.

The preceding studies indicate that the major effects of elonga-
tional flow and fluid elasticity in the breakup of viscoelastic
filaments are to oppose their breakup and to increase the size of
droplets or liguid fragments. Figure V-1 indicates the probable
role of viscoelasticity in filament breakup when breakup does occur.

* Consistency is a viscosity equal to the slope of the shear stress vs.
shear rate curve for the ligquid at any given point.27 The values of ng
reported in Reference 25 were in Gardner units, since a Standard Gardner mobil-
ometer was used. The values represent the number of grams corresponding to a
rate of fall of 0.1 cm/sec of a plunger which moves down through the liquid
in a close (but not tight) fitting cylinder. These values are apnroximately
proportional to consistency in poise.

** Two types of phenomena are known to occur with dilatant materials:29
volumetric dilatancy, which denotes an increase in total volume under shear;
and rheolegical dilatancy, which refers to an increase in apparent viscosity
with increasing shear rate. This latter property is more commonly associated
with dilatant fluids, and is the one of main interest here.
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2. Bag breakup - For slightly higher values of We, a drop flattens
and its center is then blown out in a concave manner to form a
thin-walled hollow bag which breaks. With a relatively high
viscosity, elastic fluid, the bag typically ruptures and deflates
without producing small droplets.

3. Stamen breakup - This variation of bag breakup is characterized
by a forward protruding stem, which is formed in the center of the
bag prior to breakup.

4. Stripping breakup - At still higher values of We (5100) the
breakup of a flattened drop occurs by continual stripping (shear)
of the liquid away into ligaments and droplets by the wind (gas
stream). This is the dominant mechanism by which drops are
broken up over a wide range of conditions, as well as by which
jets and bulk liquids are broken up aerodynamically.

5. Taylor breakup - At very high values of We (3104) a drop sud-
denly accelerated by a high velocity air stream will flatten aero-
dynamically and its frontal surface will quickly become corrugated
by Taylor instability growth. The corrugations rapidly deepen
until the drops shatter into smaller fragments, which may then
continue to undergo breakup by surface stripping. This type of
breakup is important for bulk liquids and large jets which undergo
significant deformation before fragmentation.

STRIPPING AND TAYLOR BREAKUP. As indicated in the previous drop
breakup classification scheme, stripping and Taylor breakup occur
at relative air-to-liquid velocities higher than those which cause
oscillatory disintegration. These two forms of breakup are grouped
together here because they compete with each other in the initial
breakup of bulk (large scale) liquid. The conditions of liquid
dimensions and relative velocity determine which mechanism is of
dominant importance. The following discussion of these two
mechanisms pertains most directly to Newtonian liquids, but the
general features and results seem to correlate with experiments

in the very few cases where non-Newtonian ligquids have been
investigated.

A slug of bulk liquid injected into a low aircraft-speed (60-150
knots) counterflowing external airstream undergoes simultaneous
bulk deformation and stripping (surface erosion) at its free
surfaces exposed to the air flow. The initial surface stripping

of the liquid is slow due to low wind speed and relatively small
exposed liquid surface area. As a result, deformation of the bulk
liquid has time to occur. The deformation results in lateral
spreading and geometrical thinning of the liquid. While the thick-
ness of the deformed liquid in the direction of the relative air
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of these indicies (especially b) are uncertain for jets with
orifice diameters larger than about 0.5 inches. They also note
that a large amount of experimental work shows that for a wide
range of conditions the drop and jet breakup time tj, due to surface
stripping are given by

tb =k ~/\s (11)

The experimental constant k has been found to range from about 2
to 6, with a value near 3.5 often representing a "best" value.

Taylor breakup stems from growth of the instability of the free
boundary surface of a liquid. This instability arises when the
ligquid is subjected to an acceleration normal to the surface,
with the acceleration directed into the liquid. Acceleration in
the opposite direction from the more dense liguid toward the
less dense air acts to stabilize the interfacial boundary.*

The classical case of interfacial stability of a semi-infinite
liguid under constant acceleration was analyzed by Taylor48 and
was examined experimentally by Lewis.49 They did not consider
liquid sheet fragmentation specifically.

Keller and Kolodner50 investigated the growth rate of the fastest
growing Taylor instability induced by a wind impinging normally
on the surface of a nonviscous liquid with finite surface tension.
They obtained theoretical expressions for the approximate size of
the liquid pieces formed by this mechanism, and the time required
for this to occur.

Bellman and Pennington5l also investigated the growth of the
fastest growing Taylor instability for the cases of (1) a non-
viscous liquid with surface tension, (2) a viscous ligquid without
surface tension, and (3) a viscous liquid with surface tension.
Their results show that the presence of surface tension generally

* Another type of phenomenon known as Helmholtz instability also exists.47
This type of instability develops in the surface of a liquid by a shearing
wind stress. According to Reference 46 the wavelengths excited by the wind
in the classical Helmholtz sense are much smaller than the observed droplet
sizes, suggesting that this type of instability does not represent a primary
breakup mechanism.



has a negligible effect on the wavelength of the fastest growing
disturbance, and that this wavelength is viscosity dependent. The
main effect of viscosity is to retard the growth rate of the
disturbances and to increase the wavelength of the fastest growing
disturbance. This, of course, would result in larger liquid
pieces being produced by this breakup mechanism.

Much of what is known about Taylor breakup has resulted from studies
of water droplet breakup conducted by several workers; including
Reinecke and Waldman,52 Simpkins and Bales,?3 and Harper, et al.>%
These investigations give additional confidence in the validity of
this mechanism for breakup.

A full theoretical or experimental treatment of Taylor breakup

of deformed liquid jets does not seem to be available in the
literature, either for Newtonian or non-Newtonian liquids. This
situation makes it difficult to know, without further investiga-
tion, the combination of conditions of jet size, relative velocity
and liquid properties where Taylor breakup becomes important.
Preliminary estimates from a brief examination of photographs of
jet breakup in antimisting fuels test configurations under typical
operating conditions suggests that in these situations Taylor
breakup is unimportant for initial jet diameters less than about
0.5 inch, but may begin to become significant for diameters larger
than about 1 inch. This is a topic which deserves further detailed
attention in order to better quantify the change in breakup
behavior with test scale.

ANTIMISTING FUELS BREAKUP.

The previous section has concentrated on general breakup mechanism
information with relatively little input from antimisting fuels
studies. In the present section the latter is emphasized. This
separation has been made purposely in an attempt to clearly indicate
how the rather sparse breakup information on antimisting fuels
dovetails with (and is supported by) the general information.
Several of the antimisting fuels that were one-time or current
candidates are also noted since their breakup behavior is relevant--
yet it is not expected to be the same for all such materials.

Final droplet size information from sprays of antimisting fuels is
not currently available, except for two tests, so direct correla-
tions of this type among the several fuel candidates and test
configurations are not generally possible at present. Droplet size
distribution measurements of selected candidate fuels are planned

in connection with investigations being conducted at the Jet
Propulsion Laboratory.
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Photographic investigations have provided most of the available
information on breakup mechanisms specifically related to these
fuels. Zinn, Eklund and Neese®5 examined the aerodynamic breakup
of fuels injected through a 5/16-inch I.D. plain nozzle, costream
into a 110-knot air flow. The nozzle was fed by a 58.6 foot-long
fuel hose of 1/2-inch I.D. The fuels used included neat Jet A,
and Jet A solutions of 0.2 mass percent Conoco AM-1, 0.4 mass
percent Dow XD8132.01, and 0.7 mass percent Imperial Chemical
Industries (ICI) FM-4.

While the Jet A fuel, itself, is a Newtonian liquid, the result-
ing fuels modified with AM-1 exhibit a shear thinning behavior,56
and with FM-4 and XD8132.0l1] show a shear thickening or dilatant
nature. The shear thickening behavior of FM-4 differs significantly
from that of the Dow material. The former exhibits slight shear
thinning, power law fluid behavior under laminar flow conditions
for shear strain rates less than about 100 sec~l, and a mildly
dilatant shear stress-shear strain rate (flow curve) nature for
larger values.®7 The fuel with Dow additive is essentially
Newtonian below a critical shear rate (about 800 sec-l for 0.7
weight percent XD8132.01 in Jet A), and tends to form a gel-like
solid above this value. Preliminary results obtained by
Mannheimer56 indicate that a second critical point exists at high
shear stress (and slightly higher shear rate) beyond which a near-
Newtonian behavior is again observed.

The fuels with AM-1 and FM-4 additives are known to exhibit
viscoelastic properties®7:38, and each of the three modified fuels
are known to exhibit high elongational viscosities.®9 The
elongational viscosities at given strain rates increase with
additive types in the sequence XD8132.01, FM-4, and AM-1 (for
the respective mass concentrations in solution of 0.7%, 0.3% and
0.2%). The variations of shear and tensile viscosities with
their corresponding strain rates are shown in Figure V-3 for a
solution of 1.3 mass percent AM-1 in JP-8 fuel. The tensile
viscosity curve in Figure V-3 is dashed to show approximate
behavior over a range of strain rates, including the region
where data (indicated by points) were taken.

The photographs taken by Zinn, et al. at various distances from
the nozzle indicate that the rheological nature of the modified
fuels has a significant influence on the final fuel particle con-
figuration. The AM-1 fuel is characterized by small ligaments
near the nozzle, which are drawn out into sheets and into thin
droplet-containing threads by the moving air. The FM-4 fuel
exhibited somewhat larger ligaments and fewer droplet-laden
filaments. The ¥XD8132.01 fuel broke up into relatively large,
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irregularly shaped globules. The corresponding flammability
tests were inconclusive because of uncertainties of fuel spreading
and dilution.

The long fuel flow hose used on these tests ahead of the nozzle is
expected to have preconditioned the fuel viscosities while achiev-
ing fully developed shear flow. The thread formation observed with
AM-4 and FM-4 is consistent with direct ligament formation at the
nozzle, followed by inhibited breakup and filament thinning, char-
acteristic of viscoelastic liquids with high tensile viscosities,
as noted earlier. The large globule formations observed for
XD8132.01 appear to be the result of direct breakup of liquid
ligaments, preconditioned by shear strain rates exceeding the first
critical point and exhibiting a high tensile viscosity.

The subsequent investigations by Eklund60 and Eklund and Neesefl,
in connection with develcoping a small-scale test apparatus to
compare the flammability of modified fuel sprays, also included
taking photographs of the breakup of antimisting fuels. 1In these
cases additives were mixed with the neat fuel to form the follow-
ing mass percentages in Jet A: 0.4% FM-4 and 0.2% AM-1. Also,
0.3% FM-9 in Avtur was tested.

The modified fuels nature indicated earlier is supplemented here
by the shear thickening FM-9 fuel. The rheological properties of
this fuel are similar to those of the XD8132.01 treated fuel,
except that the FM-9 fuel is only slightly viscoelastic under
particular flow conditions.®2 Further, FM-9 exhibits antithixo-
tropy,* show concentration-dependent lower and upper critical
shear rate values,®3 and exhibits a tensile viscosity of somewhat
uncertain values.64,65** The lower critical shear strain rate at
75°F for 0.3 mass percent of FM-9 in Jet A is about 3100 sec~1.66
The second critical shear strain rate for this material occurs at
about 9100 sec~1.63

In these tests the sprays were again directed costream with the
air flows, which in this case were 200 mi/h and 285 mi/h. The
observed breakup of modified fuels was essentially as before,

* Antithixotropy may be of particular importance in liquid breakup consi-
derations since the shedding of individual fragments typically occurs in the
millisecond time regime. Primary breakup would be expected to occur before
aerodynamically induced strain on the liquid would cause significant tensile
viscosity effects to become apparent.

** The tensile or elongation viscosity of FM-9 fuels has been a measure-
ment challenge and the resuits to date show significant disparities.
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apparently overlooked by Hoyt and coworkers®8 in their very recent
effort to correlate fuel drag reduction properties with jet breakup.

On a strictly physical basis, the reasons seem apparent as to why
a fuel which has formed droplet chains joined by filaments poten-
tially represents poor resistance to ignition and flame propaga-
tion. Drawing on the earlier discussion of oscillatory breakup
of viscoelastic jets and filaments, it will be recalled that the
filaments between droplets tend to thin rather significantly, and
may break due to aerodynamic forces. The filaments or threads
often remain as filaments without disruption or significant
retraction into globs or drops. When the surface area of an
original filament is compared with the total area of a line of
drops that would be formed if Rayleigh breakup were to occur, it
is found that the two areas are nearly the same (with that of

the filament being slightly greater). However, in the droplet
chain form, as the filament thins the total surface area of the
filament-droplet configuration will become appreciably greater
than that of the separate drops. Further, the original filament
size is contributory, in that shear thinning AM-1 fuel is expected
to yield finer original filaments than would be expected for a
shear thickening material, such as FM-4 fuel. The increased
surface area of the thin and thinned filament structures are
expected to exhibit enhanced evaporation, ignitability and, hence,
flammability.

The investigation by Faulb2 of jet and droplet breakup is also

relevant. He examined jets of neat Avtur and AM-1, and FM-9 in
Avtur—--as well as droplets of neat Avtur and FM-4 and FM-9 in
Avtur. The mass concentrations of additives used in the fuels were

0.2%, 0.3% and 0.4% for AM-1, FM-9 and FM-4, respectively.

The jet results tend to be consistent with previous work and

with explanations advanced earlier in this section. In particular,
the suppression of turbulence in AM-1 fuel jets is a rather well
documented action observed in connection with drag reducing
viscoelastic fluids, a group to which AM-1 fuel belongs. 68,69

A considerably greater degree of turbulence was observed in FM-9
jets, implying that the viscoelastic effects in this case were

far less than for AM-1 fuel.

For the droplet tests, the fuels were fed to the test region
through a 0.4 mm inside diameter capillary, with length-to-diameter
ratio of about 750. Using low flow rates, Avtur fuel injected

into still air gave a very short jet followed by a stream of dis-
crete spherical droplets formed by Rayleigh-type breakup. At the
point of separation from the capillary jet, the droplets broke
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fuel pulled out from the atomizer; these remained intact for
about 25-50 mm, even under relatively high blast pressures. The
AM-1 fuel behavior was analogous to that of FM-4, except the
filament formation tendency was even more pronounced. The FM-9
fuel behavior was more like Avtur but with the resulting drops
being larger and less spherical. Faul commented:62

"Examination of cine-film clearly shows that FM-9 fuel
is firstly drawn out of the atomizer jet by the air
flow and then torn apart to form lumps of fuel varying
in size and shape, suggesting that under these con-
ditions the fuel has a form of shear-induced structure.
This behavior is also shown to a certain extent in the
work on droplets where the FM-9 fuel droplets suddenly
break from their associated filaments; but unlike the
results from the droplet work there appears to be no
elastic recoil or stringing with the airblast atomizer
sprays. This suggests that the viscoelastic behavior
of FM-9 fuel only becomes apparent under very specific
flow conditions as encountered in droplet formation."

These observations further support the working hypothesis that FM-9
breakup depends significantly on its shear induced nature (but
not to the exclusion of tensile effects).

The investigations of Sarohia and Landel®4 also included jet and
drop breakup of neat Jet A, and solutions of AM-1 and FM-9 (with
carrier fluid) in Jet A. These jets were injected into moving
airstreams. Their results generally confirm the findings of
Faul. They confirmed for jets that the most suitable (i.e.,
fastest growing) wavelength for neat Jet A and FM-9 fuels is
approximately 4 to 5 times the jet diameter, as is expected from
the Rayleigh criterion. Such wave growth was observed to be
almost completely suppressed for AM-1 fuels. Both thread and
sheets were observed to form from AM-1 fuel jets injected into a
moving airstream with velocities of 27 m/s.

Sarohia and Landel also carried out pendant drop tests in which a
large drop was allowed to fall under the action of gravity, while
being attached by a filament of the liquid to a wetted capillary
tip. The purpose of this test was to determine experimental
values of the elogational viscosity of FM-9 fuel, which they did.
In the process of making these measurements they also observed
filament rupture and elastic recoil of the broken filament back
to the adjacent droplets.

An interesting feature of this configuration was that the measure-
ments were carried out under conditions which might be expected to
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Adelberg70'7l extended this model to incorporate the effects of
aerodynamic forces as well as capillary (surface tension) forces.
For an airstream moving parallel to the liquid surface, the aero-
dynamic forces operate mostly in a direction normal to the local
average velocity of the liquid jet, as indicated earlier in con-
nection with oscillatory type breakup of jets. The corresponding
wind driven waves are referred to as acceleration waves.

The model was further extended by Andersen and coworkers46 to
account for primary, secondary and higher order breakup on the

final droplet size distribution produced by stripping breakup

of the liquid. The aerodynamic surface stripping of a liquid
produces particles of various sizes, and the larger particles
undergo further stripping to a stable size during their drag de-
celeration. This secondary breakup process also involves momentum
balance between the various size classes. Emphasis here will be
placed on summarizing the model equations for primary breakup;
secondary breakup involves the same concepts, so nothing funda-
mental is omitted.

The meanings of various symbols used in this model are indicated
in Table V-1.

The mass of liquid stripped aerodynamically from a liquid surface
in a differential wavelength range between * and » + di per unit
area per unit time is given by

Mdx = K AT (12)

where Ky is a proportionality constant whose value is near unity.
The quantity T is the time required for a relative wind to form

and break a wave of wavelength A from a liguid surface. It is
given by

1 f g

it~ Tt (13)

’ (A + x2)1/2 32
with

1/2
1S 2
£f = Bp V (14)
ZOQO g
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TABLE V-1. BREAKUP MODEL NOMENCLATURE

A wave acceleration parameter
Wavelength parameters
Dimensionless constant

Constant parameters

Drag coefficient (dimensionless)
Liquid droplet diameter

Initial diameter of drop or jet

Dimensionless parameter that relates maximum wavelength
to the liquid diameter

A wavelength parameter
A wind forcing parameter

Dimensionless constant that determines the diameter of
a droplet produced by the breaking of a wave with wave-
length A

Viscous retarding parameter

Dimensionless stripping constant

Dimensionless mass stripping constant

Wavelength of a wind-induced wave

Wavelength values over a wavelength increment (A2 - kl).
Also, A, = A . , A, = A

1 min 2 max

Maximum wavelength that can be induced by a given wind
on a liquid surface

Minimum wavelength that can be induced by a given wind on
a liquid surface

. . . . . 2
Mass stripping rate per unit area of liquid (gm/cm~ - sec)
Exponent of viscosity

Droplet formation rate per unit area of liquid
(droplets/cm? - sec)

Time (sec)

Liquid breakup time (sec)
Air (wind) velocity
Liquid velocity

Relative velocity between a liquid and an airflow
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TABLE V-1. BREAKUP MODEL NOMENCLATURE (Continued)
Sheltering parameter of a wind-induced wave (dimensionless)
Shear rate of a liquid while undergoing stripping (sec )
Shear viscosity of liquid
Gas (air) density
Liquid density
Liquid surface tension ,

Time required for a relative wind to form and break a
wave of wavelength X from a liquid surface (sec™ 1)
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g = ———" (15)

a = Clcd - (16)
41 ©

The drag coefficient C, is given in terms of the Reynolds number

a
p VD,
Re = ——3, (17)
n
g
by
c, = 27 (re) 0+ 84 for 0.< Re < 80
= .271(re) 2?17 for g0 < Re < 10? (18)
4
= 2 for 10 < Re.

Integrating expression (12) using (13) gives the mass flux M of
liquid droplets (gm/cm2 - sec) stripped from the liquid surface
by the aerodynamic growth and breaking of waves with wavelengths
between A, and X_, (kz > kl),

1 2
K,p
5 A
e | (B - A - fg/z - g 1n 32 (19)
2 1 2a 1
where
1
B al/zk + 1/2
2 2a
E = 1n (20)
A + al/zk + 1
1 2a1/2
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and

_ 2.1/2
A = (Al + akl ) (21)
_ 2,1/2
B = (Az + akz ) . (22)
In evaluating expression (19), A1 is to be considered the minimum

wavelength wave, Apjn, induced on the liquid surface. This is
given by the smallest positive root of the equation

2f 2

|
Q

= — = - = (23)
Y T (O + a)\2)1/2 A2
The maximum wavelength, Amax’ is currently given by¥*
A= —S>-D.. (24)

max V4/3 3

The smallest wavelength waves formed by stripping are eroded from
the liquid surface at a finite shear rate %. Unfortunately, the
value of this term is not known a priori, nor is the shear dependent
viscosity n(%) in the parameter g, for a non-Newtonian liquid. To
circumvent this situation a critical value of T equal to 71, is
evaluated using equation (l1) given earlier, i.e.,

Dj pQ 1/2
Tc=tb=k<—v <_D;> (25)

This permits a solution to be obtained for Apjn from expression
(23).

By dividing the total wavelength range Apin to Apayx into zones,
the corresponding mass of droplets in each zone can be obtained
from (19). The droplet diameter d corresponding to a wave of
wavelength A is given by the simple proportionality

d = Fi. (26)

* This expression represents a modification introduced recently to obtain
better agreement with small jet breakup results.
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Further calculations were made for neat Jet A in the same configur-
ation to explore the sensitivity of the Spray Flammability Test
Apparatus to pressure (and hence relative air-to-ligquid velocity)
decay during the course of single test runs. The basic informa-
tion on pitot tube dynamic pressure decays and velocity decays
determined experimentally at the FAA Technical Center were supplied
by A. Ferrara. Simplified traces of the dynamic pressure decays
for three air tank pressures are shown in Figure V-7, together with
corresponding air velocity values determined at the beginning,
marked central point, and end of the test runs.

The corresponding mass—-size distributions for the beginning, mid-
point, and of each of the test runs are shown in Figures V-8, V-9
and V-10. The relative velocities used in these calculations take
into account the liquid injection velocity of 0.6 m/s. Since the
air velocities change only slightly during the short time required
for ligquid breakup to occur, the instantaneous velocity at each
time of interest was assumed to be constant for purposes of break-
up computations.

The results shown in Figures V-8 through V-10 suggest that the size
distribution changes during a single run may not be very signifi-
cant for neat Jet A. This finding may not apply to tests conducted
with antimisting fuels.

Application of the model in an illustrative sense to a full-scale
crash test has also been made and these results are presented
elsewhere in this report. The reader is cautioned not to place
much credence in the results of calculations for that case, even
though secondary breakup is taken into account, since the effects
of Taylor breakup were not included.

The model is used in a final example to account for certain droplet
breakup behavior actually observed in a configuration where sprays

of FM-9 fuel were tested.®0/67 while this single example does not

confirm the utility of this model in treating the breakup of a non-
Newtonian liquid, we believe it is informative. Application of

the model to this case has also led to findings which would be very
difficult to ascertain otherwise.

The tests of interest are those conducted by Ek1und®0 and Eklund
and Cox®7 in which a small scale test configuration was used to
form sprays of 0.3% FM-9 in Jet A. The FM-9 fuel was ejected
through a 1/4 inch diameter tube (assumed to be 0.493 cm I.D.)
costream into air flows of 200 mph and 285 mph in separate tests.
Photographs were taken of the resulting drop sprays approximately
ll-inches downstream from the liquid injection point.
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extremities of the curve. That is, the central wavelengths break
first to form drops. The growth of short wavelength waves is
retarded by viscous effects, whereas the growth of long wavelength
waves is slowed by inertial effects.

The line with a scale emanating from the maximum of the curve indi-
cates the locus of maxima of the curves corresponding to different
viscosities. Since the shape, scale or orientation of the curve
does not change appreciably when shifted in the Y-} plane shown,

a viscosity scale along the locus of maxima indicates the position
of the maximum of a curve of a given viscosity.

The second line through the maximum of the curve indicates the locus
of points of curves corresponding to different relative wind '
velocities. Points along the line for y values greater than the
maximum of the curve apply to larger wind velocities than that for
the curve shown.

The shear rate-wavelength behavior for the non-Newtonian FM-9 fuel
involves additional considerations. The curve of Figure V-12 is
based on the assumption that waves of different wavelengths

grow and break independent of one another. In the case of a
dilatant liguid, in particular, such as FM-9, this independence
assumption needs to be tested. Currently available information

on polymer treated fuels is inadequate to examine this issue,

but this topic should be given consideration in future investiga-
tions.

The crux of the matter hinges on whether the fastest growing waves
shear the entire surface layer of liguid exposed to the wind and
hence increase the viscosity of this entire layer. If this occurs
then the shorter wavelength disturbances generated on this surface
might be expected to grow at a rate determined by the peak shear
rate induced viscosity. On the long wavelength side of the fastest
growing wavelength, some intermediate viscosity between that of the
surface layer and that at a greater depth within the liquid may
govern the wave growth.

The other extreme is that independence of growth of different wave-
lengths is maintained. In this case, the locus of possible shear
states over wavelength can be determined by treating each point
below the second critical point on the curve of Figure V-11 as if it
were on a separate Newtonian viscosity curve at that shear strain
rate.

When the wind driving force is adequate to shear FM-9 fuel at a rate
in excess of the second critical rate, the shear rate-wavelength
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behavior is essentially as if the liquid was near Newtonian. It is
apparent, however, that a lower shear rate discontinuity exists at
the value of the second critical point. As the maximum shear rate
increases above this critical value, the peaks of the fixed vis-
cosity Newtonian curves follow the upper dashed line. When the
shear rate forces breakup to occur in this upper region and the
time available is sufficiently long, all the liquid so sheared will
break up in that region. That is, part of the liquid does not
break at some lower shear strain rate below the second critical
value, since the breakup time required there exceeds that at the
critical value.

The two shear rate-wavelength curves (expressed in terms of drop
size rather than wavelength by use of relation (26) with F = 0.08)
are shown in the upper region in Figure V-13. The lower curve is for
a viscosity of 0.0298 poise; the upper (which is viscosity shifted)
is a composite curve for a viscosity of 0.050 poise. These curves
are self-consistent with each other, with the viscosity-shear rate
values of Figure V-11, and with the breakup model. The location of
the curves has been chosen so the model results closely represent
the lower and upper limits of drop sizes produced in Fklund's tests.
The situation obtained is not unique due to uncertainties in the
values measured from spray photographs. The limits indicated by
the curves and measured from photographs are indicated below:

V = 200 mph V = 285 mph

Drop Size Limits From From From From
P Curves Photos Curves Photos
Lower 86 um 90 um 52 um 50 um
Upper 330 um 350 um 540 um 500 um

As can be seen, the agreement is not perfect, but it is remarkably
close. It should be noted that this is not a comparison of pre-
dicted values with experiment. Rather, it is a match of theory to
experiment in order to account for the experimental results.

There are several features of importance relative to this example.

1. The increase of the large drop size limit with increase of
relative wind velocity is abnormal. From equations (24) and (26)
the model indicates, and experiment confirms, that this upper size
limit normally decreases with an increase in wind velocity. Here,
however, the model itself also accounts for this abnormality; the
latter arises from the discontinuity in liguid viscosity at the
second critical shear strain rate.
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2. The model accounts for the breakup of the dilatant FM-9 fuel,
with its peaked shear viscosity, using only shear viscosity con-
siderations. In particular, the various effects indicated in this
example and section do not indicate a need to invoke tensile or
elongational viscosity to account for the breakup of FM-9 fuel.
(Tensile viscosity may still be important to flow and intentional
degradation aspects of FM-9 fuel, to the breakup of other types

of treated fuels, and to the breakup of FM-9 fuel under prestrained
conditions.)

3. The lower critical shear strain rate in the viscosity-shear
rate curve is relatively unimportant insofar as representing a
location where significantly different breakup effects begin to
occur. The second critical shear strain rate, on the other hand,
is gquite important to breakup. Both actually represent key rheo-
logical parameters to be measured for a dilatant-type fuel. The
upper parameter can serve to determine the drop size limits pro-
duced during liquid breakup.

4. The shear rate-wavelength behavior in the shear rate region
below the second critical point is not well known at present for
treated fuels, in view of uncertainties centering around wavelength
independence of wave growth. This is a question of both theoretical
and practical interest, as the small size portion of the spray drop
spectrum is influenced by this result. This drop size regime, in
turn, has a significant influence on spray ignition and flame
propagation. It is expected that breakup phenomena in this region
can be clarified by use of experimental data on drop size distri-
butions, where the associated spray experiments are conducted with
this goal in mind. Such experiments appear to be highly desirable
in view of their potential importance to fuel spray combustion.

A final consideration before closing this example is how this ex-
planation fits with the expected results obtained with other percent-
age loadings of FM-9 in Jet A fuel. Peng46 has determined that the
lower critical shear rate decreases with concentration increase
according to the sequence: 6000 s-1, 3100 s-1, 2000 s-1 and 700 s-1,
corresponding to the respective concentrations 0.2%, 0.3%, 0.4%, and
0.8% of FM-9 with carrier fluid in Jet A (at 75°F). While values of
the second critical shear rate are not known to have been measured

as a function of concentration, it is expected that these values
should increase as the concentration increases. Then, for a given
air-to-liquid driving force, a sequence of increasing value of the
critical shear rate would cut the shear rate-wavelength (or drop
size) curve at successively higher values. The corresponding droplet
size spectrum expected for breakup in the upper shear region would
narrow, and the overall fire resistance of the fuel should improve.
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This trend of improved fire resistance with increased value of the
second critical shear rate has actually been observed and reported
by Mannheimer®3. He found that by introducing a suitable surfac-
tant, both the lower and upper critical shear rate increased. The
ignition resistance of the surfactant treated material was signi-
ficantly improved over the 0.3% FM-9 treated Jet A without surfac-
tant. The fact that the lower critical shear rate increased
apparently had little effect--as one might now expect.

Further calculations for the purpose of data correlation of anti-
misting fuels were not made during this effort. There are several
reasons for this. First, the computer model does not presently
contain the physical model for Taylor breakup. This omission does
not influence the results noted above for small jets as the Taylor
breakup mechanism is not operative in these cases. Second, the
existing data base of information on antimisting fuels appears
inadequate regarding drop-size spectra produced in representative
tests and weak in consistent rheological properties of the candi-

date antimisting fuels of interest. In absence of the latter, the
adequacy of the model to account for the rheological behavior of
various candidate antimisting fuels is not well known. The com-

bination of data indicated could be used to ensure sufficiency of
the model in terms of both rheology and breakup.
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VI. CONCLUSIONS

1. The ability of certain antimisting fuels (AMF's) to minimize
the post-crash fire hazard is amply supported by accumulated test
data. Full- and large-scale crash simulations are highly developed,
and provide essential credibility and data on a given AMF near the
end of its evaluation cycle. However, the unavoidable complexity
and expense of large-scale testing precludes its use in the screen-
ing of all AMF formulations and their iterations.

2. Small-scale flammability test rigs developed for screening
AMF's have advantages of simplicity, high data production rate, and
relatively low initial and operating costs. The data base each test
rig generates is generally self-consistent and repeatable.

3. Results from the various small-scale flammability test rigs
generally agree where there are substantial differences between
fuels; e.g., when comparing (1) neat Jet A with an AMF, or (2) a
marginal AMF with a very effective one. This is to be expected,
since, in the development of a given fire test rig, intuitive as-
pects of the design are often adjusted based on the performance of
neat fuel and "known-effective" AMF's--in effect, using these fuels
as informal standards. The assumption is that wake flames or
fireballs larger than those experienced with the "standard" AMF
indicate a candidate that will be inferior in a real-world crash
(or large-scale test).

4. Small-scale flammability test rigs have given conflicting re-
sults when comparing two AMF's lacking a wide differentiation in
performance--one reversing the relative ranking of the other.
Similar conflict between a small-scale and a large-scale flamma-
bility rig has also been encountered--undermining the credibility
of the small-scale rig involved. It is not economically feasible
to perform large-scale flammability tests every time two small-
scale rigs conflict. The conclusion is evident that improvements
in the resolution and consistency of small-scale flammability test
rigs are highly desirable to (1) support optimization of AMF
formulations, (2) confidently and consistently evaluate AMF perfor-
mance versus such factors as additive concentration, storage time
and degradation, and (3) minimize the need for large-scale testing
for ranking AMF's.

5. The basic problem in developing small-scale flammability test
rigs for AMF is the lack of design criteria related to liquid
breakup phenomenology and scaling. It is only recently that pre-
liminary understandings and models of liquid breakup have emerged.
It is possible that a "dynamic bias" may inadvertently exist in a




given small-scale test rig; i.e., its peculiar combination of flow,
ejection, and/or breakup dynamics may affect some AMF candidates
more adversely than others--compared to their large-scale rankings.

6. Various AMF's have significantly different breakup character-
istics; e.g., relative sensitivity to shear versus elongational
strains and stresses. In addition, sensitivity to flow and pres-
sure history prior to ejection can vary markedly between AMF's.

It is concluded that each AMF must be thoroughly examined as to its
rheological behavior under the flow and breakup conditions imposed
by the flammability test rigs.

7. Based on the work presented in this report, it is now feasible
and most effective to exploit current liquid breakup technology

and appropriate particle measuring instrumentation in order to (a)
quantitatively characterize the liquid breakup products of flam-
mability test rigs of interest, and (b) relate the dynamic physical
characteristics of a given test rig to the phenomena and products
of liquid breakup. It is concluded that a semi-empirical model
which addresses both large- and small-scale liquid AMF breakup
would facilitate individual rig analysis and collective correlation
of selected test rigs.

8. On the basis of successful liquid breakup characterization,
combustion technology and related semi-empirical models can be

utilized to quantitatively relate the combustion responses of small-
scale flammability test rigs and their related pass/fail criteria to
large-scale fireball evaluations and criteria.
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	EXECUTIVE SUMMARY 
	This flammabil ity correlation analysis compared test data from a large number of flammabil ity tests used to determine the qual ity of antimisting fuel. These included full-scale aircraft crash tests, large-scale fuel spillage/ 
	ignition tests, and small-scale flammability tests. All tests comprised the discharge of the test fuel using various procedures a~d with various velocities 
	into an environment which included ignition sources of varying intensities. The tests were conducted initially with Jet-A, or equivalent, to obtain a standard or basel ine to which the same fuel with various quantities of antimisting additives was compared to give an indication of the antimisting qual ity of the latter. Various rheometric tests were also considered as a means of determining the effectiveness of the fuel relative to its antimisting properties. 
	The ability of certain antimisting fuels to el iminate large fireballs during occupant-survivable aircraft crashes was amply supported by the data analyzed during this study. Large-scale crash simulations were found to be highly developed, and provide essential credibil ity on a given antimisting fuel near the end of its development. Small-scale flammabil ity test rigs used for screening antimisting fuels were found generally effective, but with some conflicting data between rigs, and with some deviations f
	Enhanced correlation among the tests studied requires characterization of the fuel droplets and flows produced by a given test rig, and appl ication of semi­empirical liquid breakup and ignition/combustion models. This was not accompl ished to the degree necessary due to the 1imited scope of this program. Liquid breakup correlation is discussed and a solution for a 1imited case is provided as an example of the use of this analytical tool. This case was for a Newtonian fuel (not antimisting fuel) on a small-
	Figure
	I. INTRODUCTION. 
	OSE. 
	PURP

	The primary purpose of this effort was to perform a correlation study of antimisting fuel (AMP) flammability test data developed by six test groups--the Federal Aviation Administration Technical Center (FAATC), the United Kingdom's Royal Aircraft Establishment 
	(RAE), the U.S. Naval Weapons Center (NWC) , the Naval Air Engineer­ing Center (NAEC), the Jet Propulsion Laboratory (JPL) , and South­west Research Institute (SwRI). This effort included study of the applicable test facilities and procedures, test data, and possible improvements, modifications, and additions to the testing to en­hance data repeatability and correlation. 
	. 
	BACKGROUND

	The Federal Aviation Administration has been conducting a compre­hensive program to minimize fire hazards of jet transport aircraft in impact-survivable accidents by developing antimisting fuels. As implied by their generic name, AMF's inhibit the misting which occurs when neat kerosene fuel is released at significant velocity relative to the atmosphere. Even at bulk liquid and air tempera­tures well below the fuel's flash point, the finely divided mist is readily ignitible and propagates flame fronts rapid
	ly resulting 

	In trle course of dev·elopment of AMF IS, a broad range of test methods, apparatus, and facilities have been essential. The complex polymer chemistry of typical additives involves both standard and special­ized test apparatus and procedures which address rheology and other properties of the doped fuels. Small-scale flammability tests have evolved to expose candidate AMP's to idealized crash condi­tions--including flow, expulsion, breakup, and ignition. 
	Finally, full-scale crash tests and large-scale flammability tests 
	have been essential for proof-of-concept, phenomenology at adequate 
	scale, and demonstrating full-scale effectiveness of near-term 
	candidate AMF's. 
	This study has been initiated at an opportune time. A significant body of test data has been developed over the full size spectrum 
	of AMF flammability testing. A data base of rheometric testing is also available. Equally important, understanding of non-Newtonian flow, liquid breakup, ignition and combustion phenomena has improved significantly in the past few years. 
	This report presents analyses of the various test methods and data, relates physical parameters and phenomena to them, and defines methods for improving confidence in individual tests and compara­bility between tests. 
	2. 
	II. DISCUSSION. 
	G. 
	ENERAL

	Table 11-1 describes the test facility or apparatus, performing organization, and applicable references. Figure 11-1 relates the various tests by type (flammability, rheometry), size, and funda­mental method. Three methods of correlation are shown, but semi­empirical methods predominated. The various tests are selectively analyzed and compared in subsequent sections of this report. However, it is illuminating to discuss their similarities and differences qualitatively in the context of physical parameters a
	All AMF flammability tests involve the following phenomenological elements in the sequence presented: 
	1. 
	1. 
	1. 
	Air Flow 

	2. 
	2. 
	Fuel Flow 

	3. 
	3. 
	Liquid Breakup 

	4. 
	4. 
	Droplet Dispersion 

	5. 
	5. 
	Heating 

	6. 
	6. 
	Ignition 

	7. 
	7. 
	Propagation 

	8. 
	8. 
	Sustained Fuel Fire 


	AI'R FLOW. 
	In the general crash scenario, absolute air flow velocity can be 
	near zero, due solely to wind. The NAEC Crash Tests, RAE Rocket 
	Sled Tests, and the SwRI Spinning Disc, Drop Test, and Air Gun 
	involve (and require) near-quiescent ambient air. The remainder 
	utilize liquid fuel orifices which are fixed in relation to the 
	ground, and move the air to simulate motion relative to the atmo­
	sphere. Free air jets are used by the large-scale FAATC Wing 
	Spillage and NWC Wing Spillage facilities and the JPL Mini-Wing 
	apparatus. The FAATC small-scale Flammability Comparison Test 
	Apparatus (FCTA) utilizes air flow within a I-inch I.D. pipe. 
	Figure 11-2 depicts a free turbulent air jet as described in aero­dynamic literature. Note that "potential core" flow is free of entrainment, and maintains a constant velocity over a cross­sectional area which diminishes to zero at a distance of 6.4 nozzle diameters from discharge. The limit of diffusion is defined along a half-angle of 10 from the axis of the jet, extending out about 100 nozzle diameters. Beyond the "established flow" limit is the "terminal region", where the velocity is near zero. 
	24 
	0 

	Table 
	Table 
	Table 
	II-I. 
	Summary 
	of AMF 
	Flammability Test Facilities/Apparatus 

	FACILITY AND 
	FACILITY AND 
	TITLE 
	DESCRIPTION 
	REFERENCES 

	Naval Air Engineering 
	Naval Air Engineering 
	Specially modified 
	SP-2H 
	test aircraft 
	are 
	accel­
	1, 
	2, 
	3 

	Center, 
	Center, 
	Lakehurst, 
	erated 
	6,190 
	feet down 
	the 
	track of Recovery System 

	N.J. 
	N.J. 
	Track Site No. 
	4 by 
	a 
	jet car 
	powered by 
	four 
	J-48 

	turbojet engines. 
	turbojet engines. 
	At 
	this point the 
	jet 
	car 
	separ­

	Full-Scale Crash 
	Full-Scale Crash 
	ates, 
	and 
	aircraft and 
	shuttle proceed 
	900 feet. 

	Tests 
	Tests 
	(SP-2H Aircraft) 
	The 
	aircraft then 
	separates and 
	travels 
	200 feet 
	to 

	the crash site. 
	the crash site. 
	The 
	aircraft impacts 
	a 
	30 
	sloped 

	earthen mound 
	earthen mound 
	and 
	decelerates 
	along 
	a 
	prepared earth 

	surface with 
	surface with 
	an 
	array of 
	48 
	open-flame 
	torches. 

	Provisions 
	Provisions 
	are 
	made 
	for 
	fuel 
	leakage 
	from 
	the 
	front, 

	top and 
	top and 
	bottom 
	surfaces of 
	the wing 
	tanks. 

	~ 
	~ 
	Federal Aviation 
	Fan 
	discharge 
	air from 
	a 
	TF-33 
	engine 
	is augmented 
	4, 
	5, 
	6, 

	TR
	Administration Technical 
	and 
	exits 
	a 
	69-inch 
	square duct. 
	Sixteen feet down­
	7, 
	8 

	TR
	Center, 
	Atlantic City, 
	stream 
	(11.5 
	feet 
	above 
	ground level) 
	is 
	a 
	replica 

	TR
	N.J. 
	wing 
	section with 
	a 
	12-inch pipe, 
	facing upstream, 

	TR
	protruding 
	from 
	the 
	leading edge. 
	A variety of 
	fuel 

	TR
	Large-Scale Wing 
	Fuel 
	discharge orifices 
	can 
	be 
	fitted. 
	Test fuel 
	exits 

	TR
	Spillage Tests 
	this orifice and 
	is broken up 
	and 
	reversed 
	in flow 

	TR
	direction by 
	the 
	free 
	air 
	jet. 
	Three 
	feet 
	below 

	TR
	the centerline and 
	4-1/2 
	feet past the 
	fuel 
	dis­

	TR
	charge plane 
	is 
	a 
	large propane 
	torch, 
	facing 
	down­

	TR
	stream. 
	The 
	flame 
	is 5 
	feet 
	long, 
	18 
	inches 
	in 

	TR
	diameter, 
	and 
	has 
	a 
	nominal 
	temperature of 
	110QoP. 

	TR
	Photographic 
	records 
	are 
	made 
	of 
	result1ng 
	com­

	TR
	bustion phenomena 
	and 
	subsequently evaluated. 
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	Table II-I. Sununary of AMF Fla.mmability Test :Facilities/Apparatus (cont.) 
	(.;1 
	FACILITY AND TITLE 
	Naval Weapons Center, China Lake, CA. 
	Wing Fuel Spillage/Air Shear Tests 
	United Kingdom Royal Aircraft Establishment, Farnborough, England 
	Rocket Sled Tests 
	DESCRIPTION 
	The NWC T-Range provides air flow from several storage tanks, which is heated to restore near­ambient conditions and discharged from a modular low velocity diffuser (3S-inch square discharge duct}. An airfoil (84-inch chord, 14.5 inches maximum thickness) is located 37 inches above the ground and 85.5 inches aft of the diffuser's dis­charge plane--centered in the air flow. A 6-inch diameter fuel orifice is located in the wing lead­ing edge, looking upstream. At the lower edge of the airstream bound, 27 inch
	A replica wing tank (10 Qr 20 gallons capacity) is accelerated down a track by two or three rockets and then engages an arrester cable. The tank has a slit in its leading edge which is sealed by a weighted rubber plug. Deceleration ejects the plug and fuel is released into an array of 18 kerosene-fueled torches. Resulting combustion phenomena are photographically recorded and evaluated. 
	REFERENCES 9 
	10, 11, 
	I 13 
	12 

	Table II-I. Summary of AMF Flammability Test Facilities/Apparatus (cont.) 
	FACILITY AND TITLE 
	Jet propulsion Labora­
	tory, Pasadenaj CA. 
	Mini-Wing Fuel. Spillage Tests. 
	m 
	Federal Aviation Administration Technical Center, Atlantic City, 
	N.J. 
	Flammability Comparison Test Apparatus 
	DESCRIPTION 
	A centrifugal blower provides air flow (260 ft/sec maximum) from an 8-inch diameter orifice over a small replica wing centered in the flow two dia­meters downstream. The wing has a slit in its leading edge with a vertical dimension of about 
	0.2 inches, through which fuel is expelled into the opposing airstream. Directly aft of the wing, centered on the airflow, is an oxy-acetylene torch facing downstream which burns continuously. Any resulting combustion is monitored visually, photographically, by thermocouples, and by a radiometer. 
	The FCTA is a self-contained and semi-automatic test apparatus integrated into a single cabinet, which can be operated indoors given adequate space, ventilation, and safety precautions. Air from a storage tank flows through a sonic orifice and into a l-inch I.D-pipe. Test fuel is ex­pelled from a cylinder by a mechanically driven piston into a 1/4-inch O.D. stainless steel tube. This tube penetrates the air pipe and expels fuel upstream along its longitudinal axis. The mixed fuel/air stream expands in a dif
	REFERENCES 
	14, 15 
	16, 17, 18, 19, 20, 21 
	.. 
	• 
	• 
	Table II-I. Summary of AMF Flammability Test Facilities/Apparatus (cont.) 
	FACILITY AND TITLE DESCRIPTION. REFERENCES 
	Southwest Research. A metal disc about 2.5 inches in diameter is 22, 23 
	Institute, San Antonio,. mounted horizontally on the shaft of a variable 
	Texas. speed motor. An integral cup is centered in the 
	top of the disc, into which fuel flows from a 
	Spinning Disc Tests. static tube overhead. Four integral (closed). radial flow channels (2nun diameter by lOrnrn long). located in angular increments of 90° (viewed. from above) extend from the cup to the disc's. outer edge. About 3.9 inches from the disc's edge. is a continuously burning propane torch. The test. fuel flows down from the supply line into the cup,. and is forced outward into the flow channels by.
	.-.....J 
	centrifugal action (e.g., 30,000 RPM). The liquid 
	fuel is flung from the four orifices in the disc's 
	edge, which then breaks up and encounters the torch. 
	Resulting combustion is monitored visually, photo­
	graphically, and by radiometer. 
	c') 
	FULL­SCALE CRASH TESTS I 
	FULL­SCALE CRASH TESTS I 
	FULL­SCALE CRASH TESTS I 

	SLED 
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	TESTS 
	TESTS 
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	The NWC report9 provides data on velocity profile decay and turbu­.lence within the jet. The data show a significant range of vari­.ability of air velocity. Profile data were obtained on the large­.scale FAATC Wing Spillage facility from the plane of discharge out. to 93 inches. Hence, velocities other than those in the "potential. core" were not available -to compare with the free air jet depicted.. 
	An interesting variation is the introduction of a Uground plane". to the FAATC Willg Spillage facility. This simulates a crash. scenario with a mid-or low-wing aircraft, and the considerable. influence of "g:r·ound effect". Figure II-3 is an isometric view of. a free air jet fr'om a rectangular orifice25 (as at the FAATC facil­.ity), depicti~g the modified velocity profile due to ground effect,. as contrasted to Figure II-2. No velocity mapping data were •. available to correlate with this generalized flow 
	Figure
	In the crash scenario, liquid fuel flow is induced through breaches in fuel tank walls primarily by the relatively high transient acceler­ations and decelerations incident to the impact(s) ; or, in their ab­sence, by the gravity head of the fuel. In the NAEC Full-Scale Crash Tests, breaches are deliberately generated in the leading edges, tops, and bottoms of several wing fue'l tanks of the SP-2H aircraft. 
	La~ge orifices are typically involved, so that even with a high volumetric rate of spillage, relatively low stress is placed on the fuel during transport to and through the openings in the tanks. This is particularly important because N~F's are generally suscep­tible to loss of a degree of their antirnisting property with expo­sure to excessive shear. The RAE Rocket Sled Tests share with the NAEC Crash Tes·ts the use of deceleration to induce fuel flow from a tank. The FAATC and NWC wing spillage rigs and t
	to induce fuel flow to the orifice, whereas the NWC rig uses gravity 
	flow from an elevated storage tank. The FCTA uses positive expul­
	sion from a cylinder by a mechanically-driven piston. The SwRI 
	Spinning Disc utilizes acceleration of the liquid through four 
	radial flow channels connecting a center chamber to orifices on the 
	outer edge of the spinning disc. 
	LIQ'UID BREAKUP. 
	The crux of the post-crash fire hazard with high flash point turbine 
	fuel, such as Jet A, at nominal ambient temperature is liquid break 
	I x ! J--;:---I-L-I "'/ I 
	Figure
	.. 
	<"'1 
	I H H 
	11. 
	up, i.e. conversion of the fuel from a relatively low surface area, high volume and low ignitability configuration to a very high surface area and, hence, flammable mist. This conversion is due to relative motion between ejected fuel and the atmosphere. In a crash scenario, the air is at low or zero velocity, whereas the fuel is being ejected from an aircraft which is itself moving at significant speed. The highest relative velocity between the air and the fuel is typically achieved (1) at high aircraft dec
	Fuel is ejected a considerable distance ahead of the decelerating fuel tanks in both the NAEC Crash and the RAE Rocket Sled tests. The FAATC, NWC and JPL Wing Spillage rigs simulate this critical encounter with a free air jet flowing against a directly opposed fuel stream exiting from an orifice in a fixed airfoil's leading edge. The opposed fuel and air jets are schematically illustrated by Figure 11-4. It is a highly desirable feature of the FAATC Wing Spillage facility that breakup occurs in the "potenti
	• 

	The FAATC FCTA uses a fuel jet opposed to air flow with~n a I-inch 
	I.D. pipe. In cases where the average plume diameter, 0p' is greater than one inch (Figure 11-4), impingement on the pipe's interior surface will occur. 
	The SwRI spinning disc ejects the fuel from four peripheral orifices, while rotating at rates as high as 30,000 rpm. Hence, the ejected 
	liquid "sees" an initial velocity relative to the air which is the 
	vector sum of its radial and tangential velocities at that point. 
	Liquid breakup is discussed in detail in subsequent sections of this 
	report. Suffice it to say that the localized relative fuel/air velocity is considered crucial to resulting droplet size spectra, 
	and configurations vary with AMF type from compact (e.g., near­
	spherical) droplets to long filaments. If a significant change in 
	flammability occurs for a given AMF and test apparatus at th~ same 
	relative fuel/air velocity because absolute air and fuel velocities 
	have been varied, the possible influei1"ce of undefined and/or un­
	controlled variations in the dynamic conditions must be considered. 
	Liquid breakup is sensitive to scale. Over the range of fuel jet 
	diameters of the tests analyzed, significantly different phenomena 
	are encountered. As detailed later, this precludes unadjusted 
	comparisons of independent test variables and results between a 
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	FIGURE 11-4. OPPOSED FUEL AND AIR JETS. 
	large diameter fuel jet (e.g., on the order of tens of centi­meters) and a small one (e.g., one cen~ineter or less). 
	Figure II~5 displays the diameter ranges for some common sub­stances/configurations, and for hydrocarbons of interest to N1F studies. Note that for the three hydrocarbons with viscoelastic additives, the smallest droplets are about 80 microns in diameter. Although droplet size data are lacking for most AMF flammability tests, observed flame propagation indicates that the droplet sizes for neat Jet A fuel can have a lower size bound approaching or less than 10 microns in diameter, depending on relative fuel/
	,
	Figure 11-6 illustrates the droplet size distribution for a 0.57 mass median diameter (~ID) population of a hydrocarbon with viscoelastic additive shown in the previous figure. Data of this 
	type are highly desirabl~ in the aI1al~lSis of A1-1F flammability 
	tests. 
	. 
	DROPLET DISPERSION

	Given the products of liquid breakup just discussed, their subse­quent transport and dispersion are crucia.l to the flammability of the fuel plume or cloud. For example, dispersion can convert a flammable fuel droplet population to one which will not propagate flame--by reducing the number of droplets (or mass of fuel) per unit volume of air belavl the Lean Flammability Limit (LFL). This was amply demonstrated during development of the Minitrack test appa.ratus by the RAE. 26 In the course of development of
	too rapid, so that the mist concentration was below the lower 
	ignition limit by the time ignition sources were encountered. The solution 'VIas to add B_ noz z Ie 1/2-inch (12. 7 mm) long to the 
	5/16 inch (7.9 mm) diameter orifice. This nozzle evidently nar­
	rowed the dispersion field and produced the desired comparability 
	of results between the Minitr~ck and Rocket Test Sled devices. 
	For thorough M1F flammability test analysis, the fuel droplet size data previously discussed must be supplemented with droplet concentration data. A convenient method is to subdivide the drop­let spectra into groups of approximately monodisperse droplets 
	(e. g., mass median dia.meter); and specify the droplet number den­.sity (number of droplets per unit volume) for each group.. 
	Considering the flow fields illustrated by Figures 11-2, I1-3, 
	and 11-4, it is evident that the droplet number density may be 
	expected to vary significantly at different positions within a 
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	given fuel mist cloud or plume. Locations of particular concern are (I) the liquid breakup region, (2) regions of hot surfaces and/or ignition sources, (3) transient flame regions, and 
	(4) fireball and sustained fire regions. 
	At high relative fuel/air velocities, droplet drag is the domi­nant propulsive force--which varies with droplet shape and size. The direction and magnitude of this force is dependent upon the 
	flow configuration of the proximate air mass. At near-zero local air velocities, gravity emerges as the propulsive force, opposed by droplet drag (i.e., settling). Both of these modes of trans­port are highly relevant to the AMF flammability tests analyzed. 
	Turbulence in the flow fields must be considered. Turbulence effects are evident in the full-scale aircraft crash tests--par­ticularly the wing tip vortices and wakes. 
	HEATING AND IGNITION. 
	Heating of the fuel mist must be considered separately from igni­tion, since we are dealing with a turbine fuel, i.e. Jet A, which is typica..lly at temperatures well below its flash point (about lOQoF) under operational conditions. Hence, localized heating within a mist plume or cloud can result in incre0.sed evaporation and flammability. Likewise, extremes of bulk fuel and ambient air temperatures, coupled with high aircraft and ground surface temperatures, give a "worst case" environmental scenario. 
	Simulated ignition sources in full-scale crash and large-scale AMF flammability tests typically provide many orders of magnitude more than the few millijoules of energy that are the minimum necessary to ignite a flammable mist in air. The minimum igni­tion energy for a vapor/air mixture is even less, on the order of a tenth of a millijoule. 
	It is quite evident from photographic coverage of the large ~1F tests that the shrouded rockets, liquid hydrocarbon-fueled torches, running turbojet engines, fuel pool fires, etc. provide extensive heating effects--involving temperatures well above the fuel's flash point, but below the minimum necessary for ignition. "Marginal" test conditions, involving lower concentrations of antimisting additive and/or higher relative fuel/air speeds in the breakup region, often provide a clear differentiation between pr
	The clearest demonstration is provided by the wake flame in the 
	flow field downstream from a hydrocarbon gas-fueled torch. Even 
	with mist clouds of low flarnmabilit~l, a lengthening of the wake 
	flame is evident. This is due to direct mixing of fuel droplets in the plume with the torch's flame. With a more flammable air/mist flow past the torch, the wake flame lengthens and thickens. The enhanced flame is both radiating more heat and involving more of the flowing cloud in the convective "heating" and "combustion" envelopes . With a progressi\7ely more flammable flowing medium, the wake turbulence limits the maximum continuous length of the wake flame--with large excursions of non-burning mixture ac
	join the general flow of the plume, with one of two possible consequences: (1) heat loss is greater than heat generated by 
	interior burning, and the discrete region shrinks and self-extin­guishes; or (2) heat loss is less than heat generated, and the 
	fireball grows. 
	The important point is that the large-scale "ignition sources" provide widely varying combinations of high-temperature, low volume ignition sources in conjunction with relatively high-volume mist cloud heating/evaporation effects. It is evident that the preheating and evaporation effects of the large ignition sources are often crucial to the ignition of a plume containing ~1F droplets. 
	In the small-scale tests, the mix of ignition and cloud heating 
	effects also varies widely. From these observations, it is 
	evident that in comparing the results of AJ1F flammability tests, 
	the varying characteristics of the ignition sources may become 
	highly significant. 
	. 
	PROPAGATION

	The known flammability properties of monodisperse hydrocarbon 
	droplets (including neat Jet A and AMF) are significant for 
	illustration. Referring again to Figure 11-5, below a droplet 
	diameter of 10 microns, flame propagation causes immediate 
	vaporization. Hence, droplets below 10 microns may be considered 
	flammable vapor, provided that their concentration (e.g., number 
	density--number of droplets per unit volume) is above the Lean 
	f 
	Flammability Limit. Homogeneous flame propagation occurs over 
	this range and up to a droplet size of 20 microns. Above 40 
	microns, flame propagation is droplet-to-droplet. An unexpected 
	experimental result is that, for one hydrocarbon tested, the 
	minimum ignition energy in the range of ten to a hundred microns 
	was less than for a near-stoichiometric fuel vapor/air mixture 
	under identical conditions. 
	The degree of dispersion affects droplet burning as well. Figure 11-7 depicts conventional individual droplet burning as "Internal 
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	Group Combustion, 28. This mode applies provided that the spray is sufficiently dilute in air, or that droplet dispersion is high enough in the preiginition phase to avoid combustion inhi­bition due to fuel evaporation and vapor diffusion. With "Exter­nal Group Combustion", by comparison, individual droplet burning does not occur due to the higher droplet number density and slower dispersion. Such variations in burning rate could signif­icantly influence the combustion observed, and an AMF's resulting flamm
	n27 

	Of course, polydisperse droplet populations must be considered for the AMF flammability tests. Semi-empirical comp·ute~· models have been developedwhich address the transport, evaporation, ignition and combustion of polydisperse hydrocarbon droplet populations in flowing air. A typical firldirlg is that a very small fraction of the mass of a ploydisperse fuel droplet cloud, at the small end of the droplet size spectrum, can make the entire cloud flammable. This indicates the importance of eval'u­ating AMF' 
	29 

	Figure 11-8 provides the results of the model previously discussed, and illustrates interdependency of three important variables with time. A monodisperse hydrocarbon droplet population is exposed to an initial temperature of about 39°C. The fuel mass fraction increases as evaporation occurs over time, while the droplet radius diminishes. The heat absorbed by evaporation drops the air temper­ature about 21°C. The fuel mass fraction very closely approaches the Lean Flammability Limit. 
	In the full-scale crash tests with neat Jet A, liquid breakup and 
	dispersion yield a totally flammable vapor;'spray clo'ud. The 
	flame propagates -throug110ut the cloud and even to the very tips 
	of the forward fuel plumes--Iocated several feet ahead of the 
	leading edges of the wings of the SP-2H. Similar engulfment was 
	observed with the wing fuel spillage rigs testing neat Jet A. 
	We have noted in the observation of movies of flame propagation 
	within a fuel mist cloud from various test facilities that de­
	finite spatial limits to the fireball sometimes occur. In some 
	cases, these limits may be due to a low concentration of droplets 
	which, if closer together, would propagate flame fronts and burn. 
	This seems particularly likely where the fire propagates freely 
	through a portion of the cloud formed at lower velocity, and does 
	not propagate through a visible portion of the cloud formed at 
	near-maximum relative fuel/air velocity. 
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	It is entirely logical and appropriate that the criteria for flammability performance of an antimisting fuel be bnsed on characteristics related to flame propagation under simulated crash conditions. For all scales of flammability testing, the maximum size growth rate and/or radiated flux experienced in a given test are related to established criteria. 
	It is entirely logical and appropriate that the criteria for flammability performance of an antimisting fuel be bnsed on characteristics related to flame propagation under simulated crash conditions. For all scales of flammability testing, the maximum size growth rate and/or radiated flux experienced in a given test are related to established criteria. 

	At large scale, the work of Sal~on et al. 5 ,G,7,8 is of particular sigrlificance. From movies of fireball growth during the FAATC ~\Ting Fuel Spillage rrests, a 110minal or "effectiven linear fire­ball dimension (e.g., radius) was plotted as a function of time. The slope of a linear fit to plots of fireball radius versus time yields a single value of slope, which is effectively the nominal flame speed in distance per unit time (e.g., feet per second). Based on extensive experience vlith a variet1' of M·1F'
	At large scale, the work of Sal~on et al. 5 ,G,7,8 is of particular sigrlificance. From movies of fireball growth during the FAATC ~\Ting Fuel Spillage rrests, a 110minal or "effectiven linear fire­ball dimension (e.g., radius) was plotted as a function of time. The slope of a linear fit to plots of fireball radius versus time yields a single value of slope, which is effectively the nominal flame speed in distance per unit time (e.g., feet per second). Based on extensive experience vlith a variet1' of M·1F'
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	Fireball growth data have been developed from full-scale crash test data on the SP-2H by Salmon, and were found to compare well with the FAA vJing Fuel Spillage da.ta. 
	Fireball growth data have been developed from full-scale crash test data on the SP-2H by Salmon, and were found to compare well with the FAA vJing Fuel Spillage da.ta. 

	It is particularly advantageous that fireball growth is related to flame speed in the cloud--the latter being a fundamental parameter in applicable fire modeling. FurtherMore, it is evident that fireball growth is being applied in the nterminal regionll (see Figure 11-2) of the FAA Wing Fuel Spillage facil­ity's free air jet. This is analogous to fireball maximum size and radiation measurements made as part of the tests vvith the FAA's Flammability Comparison Test Apparatus (FeTA). Wake flame criteria were 
	It is particularly advantageous that fireball growth is related to flame speed in the cloud--the latter being a fundamental parameter in applicable fire modeling. FurtherMore, it is evident that fireball growth is being applied in the nterminal regionll (see Figure 11-2) of the FAA Wing Fuel Spillage facil­ity's free air jet. This is analogous to fireball maximum size and radiation measurements made as part of the tests vvith the FAA's Flammability Comparison Test Apparatus (FeTA). Wake flame criteria were 
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	The JPL small-scale wing spillage tests involved a limit on the length of the vlake flRme during a t-est (typicall~r', 1 meter). Measurements were also made of the greatest horizontal distance traveled by a fireball after detaching from the vlake flame before 
	The JPL small-scale wing spillage tests involved a limit on the length of the vlake flRme during a t-est (typicall~r', 1 meter). Measurements were also made of the greatest horizontal distance traveled by a fireball after detaching from the vlake flame before 


	self-extinguishing or contacting B barrier. The length of the fireball at this maximum distance was also measured. 
	It is evident that in both these caseE critical pass/fail criteria are being B_pplied within the "established flow" region of Figure 11-2, and may even extend forward into the "trensition" region 
	(from "potential core" to "established" flow). 
	It is apparent that the pass/fail criteria discussed so far can apply to one continuum--the free air jet as depicted in Figure 11-2. Hence, with adequate aerodynamic characterization and heating/ignition/combustion modeling, the se\Teral criteria and phenomena of the various test rigs and facilities might be comprehensively and thoroughly related in quantified terms to adequate engineering accuracy. 
	In contrast, the SwRI Spinning Disc provides a rotational rather than translational environment. Progressive degrees of mist cloud flammability involve (1) supplementing the torch flame intersected by the radial fuel ejecta, (2) the development of a 
	II f ire ring", starting with a.cut.e c,-I1glesand, vlith increasing f lam­mability, developing into a stable, 360 ring of flame, and (3) propagating ba.cJ( to engulfment of t.he spinning disc itself. 
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	SUSTAINED FUEL FIRE

	Sustained burning of the fuel mist cloud and ignition of spilled fuel pools is the ultimate post--crash fire hRzard a:nd failure mode for a.n antimist-ing fuel. Pool ignition ha.s been included in some pass/fail test criteria, and extpnsive burning is encoun­tered with severel~{ failed A1~lF' s (or neat Jet A) in all flammabil­ity test facilities. 
	Propagation in the mist cloud is a better basis for pass/fail 
	criteria, since the allowable fireball sizes, growth rates, 
	and/or heat fluxes are limited to provide a generous and desir­
	a.hle margin of safety. 
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	III. ANALYSIS OF FI,Al·1rvlABIIJITY TESTS 
	.. 
	GENERAL

	This section consists of analyses of the antimisting fuel (M1F) flammability tests, data correlations and uncertainties, and methods for enhancing data correlations. 
	FULL-SCALE CRASH TESTS. 
	The full-scale crash tests performed by the Naval Air Engineering Center, Lakehurst, N. J., have provided highly credible data on the performance of neat ~let A and AlvlF under "real-world" survi\T­able crash conditions. The credibility is achieved primarily beCatlse: 
	1. 
	1. 
	1. 
	An actual aircraft is employed with very plausible fuel tank damage mechanisms. 

	2. 
	2. 
	A variety of conservatively severe ignition sources are used. 

	3. 
	3. 
	Each test involves high initial speeds and deceleration of the aircraft over a carefully prepared impact course. 

	4. 
	4. 
	Good diagnostics on aircraft dynamics allow analysis and 


	comparison of 
	comparison of 
	comparison of 
	the 
	tests. 

	The 
	The 
	obvious 
	limitation is t
	he 
	cost 
	and 
	time 
	involved 
	to 
	test each 

	ca.ndida.te 
	ca.ndida.te 
	AMF. 

	Results 
	Results 
	of 
	two 
	crash 
	tests 
	(Nos. 
	1 
	and 
	2) 
	of 
	the 
	SP-2I1 
	are 
	pre­


	sented in reference 1. In addition, we have analyzed data from test number 4. Data comparisons are presented later in this section in conjunction with data from other tests. The reader is referred to the referenced reports if details of the testing are desired. The remainder of this analysis vlill focus on specific test aspects, relating the test conditions and parameters to 
	2 

	(1) 
	(1) 
	(1) 
	the phenomenology discussed in the previous section, and 

	(2) 
	(2) 
	to similar parameters of other M1F flammability tests. 


	FUEL AND AIR FLOW. Since the test aircraft were moving in rela­tion to essentially quiescent atmosphere, the velocity of the aircraft relative to the ground suffices for an absolute value of relative air velocity. In reference 1, graphs of aircraft veloc­ity versus position are provided for Tests 1 and 2 (involving, 
	respectively, neat Jet A and Jet A with 0.28% and 0.3% FH-9 anti­misting additive) . 
	For our analysis, we obtained oscillograph traces of acceleration versus time for these same tests. He developed and applied a computer program which accepted data points manually extracted from the oscillograph traces and computed and/or plotted (1) dis­tance from an initial point (aircraft runout position "0" in feet), (2) longitudinal velocity in feet per second, and (3) lon­gitudinal acceleration in feet per second per second--all as a function of time. Figure 111-1 presents these graphs to the same tim
	(Jet A with 0.28% and 0.3% FM-9 antimisting additive) in the same 
	format. 
	We have been informed that NAEC has demonstrated the feasibility of processing their raw data tapes to provide such data on subse­quent test~ without the m~nual effort we had to expend in picking off the data points. 
	The utility of the data in this format is high. First, it is 
	generally accepted that the maximum relative fuel/air velocity 
	places the greatest stress on candidate A.r1F's. Data. for comput­
	ing the maximum relative fuel/air velocity in a given test are 
	available from this format. Air velocity V5. time is readily 
	available, and can be related back to position on the crash site 
	by reference to the distance/time graph. 
	Velocities must be considered in conjunction with the deceleration forces acting on the fuel in the wing tanks. The latter deter­mine the instantaneous force acting on the fuel being expelled through 6-inch high by 9-inch wide openings punched in the for­ward walls of the twelve wing fuel tanks. 
	The procedure given in reference 1 using instantaneous 
	acceleration was applied in computing a velocity of neat Jet A 
	relative to the aircraft. Table 111-1 presents average and peak 
	deceleration magnitudes and time duration needed for computing 
	forward fuel expulsion velocities. Also included are the air­
	craft speeds for the corresponding times, and aircraft position 
	data. Table 111-2 presents the fuel expulsion velocities and 
	total relative fuel-to-air velocities for five selected time 
	increments. The increments w~re selected (I) as the rclatively 
	higher values of peak acceleration at high velocity, and (2) 
	representative sustained deceleration at lower velocity later in 
	the crash runout. 
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	f'I 
	TABLE III-I. Selected Data from SP-2H Crash Test No.1 (Neat Jet A Fuel) 
	,,~~ 
	W 
	1-: 
	Time 
	Time 
	Time 
	Duration 
	Deceleration 
	Aircraft 
	Aircraft Position 

	Increment 
	Increment 
	From 
	To 
	~T 
	Peak 
	Avg. 
	Velocit~l 
	From 
	To 

	No. 
	No. 
	(sec. ) 
	(sec. ) 
	(sec. ) 
	(g' s) 
	(g' s) 
	(fps) 
	(ft.) 
	(ft. ) 

	1 
	1 
	0.028 
	0.078 
	0.050 
	5.2 
	2.6 
	154.0 
	4.5 
	12.2 

	2 
	2 
	0.078 
	0.113 
	0.035 
	(3.2) 
	(1 .6) 
	154.5 
	12.2 
	22.0 

	3 
	3 
	0.113 
	0.310 
	0.197 
	0 
	0 
	154.7 
	22.0 
	34.0 

	4 
	4 
	0.310 
	0.390 
	0.080 
	1.3 
	0.9 
	153.8 
	34.0 
	62.2 

	~ _I 
	~ _I 
	0.390 
	0.760 
	0.370 
	4.7 
	2.3 
	150.1 
	62.2 
	113.7 

	6 
	6 
	0.760 
	0.850 
	0.090 
	1.6 
	1 . 1 
	125.3 
	113.7 
	125.0 

	7 
	7 
	0.850 
	0.885 
	0.035 
	0.65 
	0.31 
	124.2 
	125.0 
	130.6 

	8 
	8 
	0.885 
	1.000 
	0.115 
	(0.93) 
	(0.46) 
	125.5 
	130.6 
	142.2 

	9 
	9 
	1.000 
	1.240 
	0.240 
	0 
	0 
	125.7 
	142.2 
	174.2 

	10 
	10 
	1.240 
	1.660 
	0.420 
	4.5 
	2.0 
	111.2 
	174.2 
	220.9 

	11 
	11 
	1.660 
	3.000 
	1.340 
	1.5 
	1.5 
	94 to 36 
	220.9 
	307.1 


	TABLE 1II-2. SP-2H Crash Test No.1, Liquid Breakup Model Input. Velocities and Droplet Data Output. 
	Time 
	Time 
	Time 
	Velocities 
	Positions 
	Droplet Diameters 
	Breakup

	TR
	primary 
	Final 
	10% Spray 
	90% Spray 

	Increment t-Jo. 
	Increment t-Jo. 
	Duration (sec. ) 
	Average g's 
	A/e (ft/s) 
	Fuel (ft/s) 
	Fuel-to-Air (ft/s) 
	From (ft) 
	To (ft) 
	D mmd (em) 
	Dmmd (em) 
	Mass < D (em) 
	Mass < D (em) 
	Time* (sec. ) 
	Time Steps 

	1 
	1 
	.050 
	2.6 
	154 
	34 
	188 
	4.5 
	12.2 
	.182 
	.0369 
	.011 
	.076 
	1.0 E-3 
	17 

	5 
	5 
	.370 
	2.3 
	150 
	32 
	182 
	62.2 
	113.7 
	.190 
	.0382 
	.012 
	.080 
	1.1 E-3 
	14 

	6 
	6 
	.090 
	1.1 
	125 
	22 
	147 
	113.7 
	125.0 
	.252 
	.0480 
	.014 
	.11 
	3.0 E-3 
	26 

	10 
	10 
	.420 
	2.0 
	111 
	30 
	141 
	174.2 
	220.9 
	.267 
	.0503 
	.015 
	.12 
	3.3 E-3 
	27 

	11 
	11 
	1.340 
	1.5 
	94 
	26 
	120 
	220.9 
	307.1 
	.330 
	.0600 
	.018 
	.13 
	4.8 E-3 
	32 

	TR
	to 
	to 

	TR
	36 
	62 
	.797 
	.125 
	.039 
	.27 
	23.7 E-3 
	51 


	Lv 
	f'V 
	* Breakup time is total time for secondary breakup to occur; primary breakup time not included but is short 
	« o. 1 IDS). 
	• 
	• 
	LIQUID BREAKUP. The major purpose of the analysis of the crash dynamic data was to establish compatibility between large-scale testing and liquid breakup analysis and modeling. Liquid breakup is discussed in detail in Section V. This is particularly impor­tant considering the general lack of droplet size and distribu­tion data for large-scale tests. 
	Referring again to Table 111-2, the input data were Rpplied to the Falcon R&D Liquid Breakup Computer Model to obtain the droplet data presented. Applicable assumptions for this computation were: 
	Fuel: (~Jeat ~Jet A) 
	3
	Density PIJ = O.807 g/ em Surface Tension a = 30 dynes/em Viscosit~T nL = .015 poi.se 
	Air: 
	3 
	Densit~{ p --1.293 x g/cm
	10-
	3 

	q
	n­
	Viscc)sity g = 1.722. x poise 
	10-
	4 

	Temperature (Fuel & Air) T = ace 
	Orifice Diameter (Avg.) D = 7.2 inch = 18.3 cm 
	0 
	It. is important to note that the model is limited in this applica­tion by the necessary assumption of a circular orifice, and by its current omission of the effects of Taylor-modified breakup-­which is evidently applicable in these tests. Droplet evaporation is also neglected in this example. Table 111-2 summarizes the data for primary and final droplet mass median diameters, and the 10% and 90% diameters for the six time increments selected. Figures 111-3 through 111-8 present the droplet diameters versus
	In all cases, the upper (solid) curve is the "primary" droplet size spectrum, terminating with the symbol "t1. II The II final" droplet spectrum is a. lower dotted line, terminating in a number which represents the time steps taken in secondary breakup before reaching the "firlal" distribution. For these runs, steps 1 through 20 were each increments of 0.06 milliseconds; steps 21 through 40, 0.30 milliseconds, and steps 41 through 60, 1.50 milli­seconds. 
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	FIGURE 111-4. DROPLET DIAMETER VERSUS CUMULATIVE MASS PERCENT TIME INCREMENT NO. 5. 
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	Review of Table 11I-2 and the six related graphs reveals a con­sistent trend towards J.arger droplets with diminishing relative fuel-to-air velocity. Corresponding aircra.ft position data indi­II runollt II to which these elevated fuel-to-air velocities apply. The earlier time increments repre­sent both the higher velocity and deceleration conditions along the entire crash runout. Hence, they represent the most stressful conditions for the spilled fuel. These position data indicate the sequences of minimum-
	cate the locations along the 
	deployed in the mi st ClOlld along the crash 

	Of course, it is evident that all the droplet populations produced during this crash with neat Jet A fuel were readily flammable-­the port wing is engulfed in flames from early in the crash se­quence (per the photos in reference 1). However, for M~F ~est­ing, the application of the liquid breakup model could be an invaluable supplement to data analysis, as follows: 
	1. 
	1. 
	1. 
	The model could be used to establish optimum locations along the crash runout to array fuel mist cloud (droplet) diag­nostics. 

	2. 
	2. 
	Discrete droplet data from a crash test could be used in conjunction with the more comprehensive model predictions to define subdivided mist clouds with characteristic droplet popula­tions. 

	3. 
	3. 
	Any regions of an AMF mist cloud in which ignition or propagation are observed in films could be compared with corres­ponding droplet population data. This feature would be invaluable when "marginal" conditions are encountered i11 crash tests, a s are encountered in other flammability tests. 


	A similar analysis cannot be performed on Test Nos. 2 and 4 since 
	the breakup model does not currently account for Taylor breakup, 
	and a data base of antirnisting fuel droplet spectra is not 
	available for model alignment. However, it is quite feasible to 
	extend the mc)del t-o AMF r S \'lith further development. 
	Quantitative mist cloud analysis applied to full-scale crash tests is highly desirable for direct comparison to both large-and small-scale M1F flamrnability testing. I f scaled. rigs show that critical droplet populations are developed under similar (or scaled) test conditions, credibility is vastly enhc~ced. Indeed, a consistent set of critica]_ droplet populations between various 
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	.~. 
	AMF flammability test.s would enable uEprecAdented correlation and credibility. 
	WING FUEL SPILLAGE TESTS. 
	Table 111-3 
	Table 111-3 
	Table 111-3 
	compares 
	the 
	five wing 
	fuel 
	spillage 
	facilities 

	studied in 
	studied in 
	terms 
	of 
	scale and 
	dynamics. 
	They 
	are 
	discussed 
	1n 

	the 
	the 
	following paragraphs. 


	FAA WING FUEL SPILLAGE FACILITY. 
	This facility represents a mature stage of AMF flammability test­ing. The facility employs a 69-inch square free air jet driven by a turbofan engine. This is sufficient for full-scale representation of a large breach in a wing tank, and high fuel spillage rates. An invaluable advantage is the fixed test article, which allows for fixed diagnostics, ignition sources, etc. Steady-state spillage, ignition, and propagation conditions can be studied, in addition to variable air and fuel flow conditions simulating
	invaluable tool for studying at full scale the sensitivity of variables such as: Al1F additive type and concentration, relative and absolute fuel and air velocities, fuel orifice size and shape, variable (reducing) air speed and fuel discharge, angle-of-attack, proximity of the ground plane, sensitivity to various tempera­tures, and type, location(s), and time variations of ignition sources. As discussed in the previous section, pass/fail cri­teria have evolved to a measurement of fireball growth rate, whic
	A similar opportunity exists for correlation with the full-scale crash tests in terms of liquid breakup. For example, the six timp increments of Table IJ1-2 represent SP-2H cra8h conditions averaged over various time durations. Each such increment could be simulated under steady-state conditions with this wjng spillage facility. "Cold" tests could be performed at these conditions, allowing deployment of droplet diagnostics without the complica­tion of fire. Comparing droplet size and number density data fro
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	TABLE 
	TABLE 
	TABLE 
	111-3. 
	Wing 
	Fuel 
	Spillage Facilities 

	Description 
	Description 
	Scale 
	Airflow 
	Tank 
	Fuel Expulsion 

	FAA Y'Jing Fuel Spillage Facility 
	FAA Y'Jing Fuel Spillage Facility 
	Ftlll 
	Free Air 
	Jet 
	Sta.tic 
	Pressure Head 

	lJWC vJing Spillage Facility 
	lJWC vJing Spillage Facility 
	Large 
	Free Air 
	Jet 
	Static 
	Gravity Head 

	P~E R.ocket Sled Test Facility 
	P~E R.ocket Sled Test Facility 
	Large 
	Static 
	fvloving 
	Deceleration 

	~ l'V 
	~ l'V 
	RAE Minitrack Test Facilit.y JPL r·1ini-~'1ing Shear Facilit~y 
	Small Small 
	Static Free Air Jet 
	rloving Stat.ic 
	Decelerat~ion Pressure React 


	... 
	The droplet data so developed would be equally as important as a basis for evaluating droplet. data from small-scale AMF flammabil­ity test rigs for a like comparison. 
	NWC WING SPILLAGE FACILITY. 
	This facility is smaller in size than the FAA wing spillage facil­ity, and may be considered a stage in the development of the latter. It is more limited in the number and range of independent test variables that can be simulated. It is not considered a good candidate for further characterization in terms of liquid breakup or flame ignition and propagation. 
	RAE ROCKET SLED TEST FACILITY. 
	As with the full-scale crash tests, no airflow simulation is needed since, in the "standard" test, the wing tank is first accelerated and then simultaneously opens its forward-facing slit-type orifice and is controllably decelerated. The fuel is expelled into a pre-deployed ignition array--as many as 36 one-pint kerosene con­tainers with burning wicks. Alternately for the "run on" tests, the orifice plug is released upon sled acceleration. After rocket motor burnout, friction provides low deceleration (e.g.
	1.0 g) and fuel exits the open slit at very low velocity relative to the tank. Suspended burners ahead of the sled arrestor cable are provided as ignition sources for fuel released in this manner. 
	Reference 3 provides the basis for various deceleration rates, and compares deceleration pulses achieved with 1-and 2-rocket 
	test runs versus 50th and 90th percentile crashes. 
	The deceleration pulses vary greatly in time history, with the following peaks: 
	95th Percentile Accident = 26g. 50th Percentile Accident = l4g. I-Rocket Test = 5g. 2-Rocket Test = l2g. 
	Fuel ejection velocities versus time are also compared between 
	the 1-and 2-rocket "standard" tests and for the 95th percentile 
	accident for tanks of three different longitudinal dimensions 
	(1.52, 3.05, and 6.1 meters; i.e. 9, 10, and 20 feet). Table 111-4 presents representative values. It can be noted that both sled tests start with their maximum fuel ejection velocity, and grad­ually diminish by about 20 to 25 percent. In contrast, the crash pulses start at about 40 meters per second at time zero, peak at 
	TABLE 
	TABLE 
	TABLE 
	1I1-4. 
	Fuel Ejection Velocity in Heters/Sec. (From Reference 3) 

	95th Percentile Accident 
	95th Percentile Accident 
	Time: 
	Oms. 
	75 
	ms. 
	150 ms. 
	160 ms. 

	Tank 
	Tank 
	Length: 
	Velocities 
	(in Meters 
	Per Second): 

	20 10 5 
	20 10 5 
	ft ft ft 
	39 38 38 
	81 65 53 
	15 15 15 
	N.D.* N.D. ~J • D. 

	~ ~ 
	~ ~ 
	2-Rocket Test 
	Sled 
	68 
	55 
	52 
	51 

	TR
	I-Rocket Test 
	Sled 
	43 
	35 
	36 
	35 

	TR
	* 
	N. 
	D. 
	-
	No 
	Data 
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	about 75 milliseconds, and decay to about 15 meters per second at 150 milliseconds. 
	The sensitivity of the differences between the magnitudes of fuel ejection velocities between pulse-type crash conditions and the sustained expulsions of the sled testing is not quantitatively assessed. This is another case where droplet size spectra and number density data from selected sled test runs could be compared directly with data from similar runs (but with deceleration pulses) of the full-scale crash tests. Liquid breakup modeling could also be used to assess the variation in droplet populations w
	In relation to breakup, the range of heights of the slit type orifices in the leading edges of the large wing tank appears to transcend ranges of distinctly different phenomena. RAE reports that for the larger tank, the 30-inch (762-rom) wide slit can be varied in height from 1/8 inch (3.2 rom) to 1 inch (25.4 rom), whereas the smaller tank slit is 18 inches (457 rom) wide by 1/2 inch (12.7 rom) high. Our analysis indicates that for minimum orifice dimensions above and below about 1/2 inch, different break­
	RAE MINITRACK TEST FACILITY. 
	The Minitrack test facility 4 was developed to provide in a small 
	scale test an indication of the capability of a given candidate AMF to pass the "standard" (i.e., deceleration) sled test using 
	one rocket for propulsion. Typically, this gives a sled velocity 
	of 35 meters per second at arrestor contact, with a mean deceler­
	ation of about 5 g. For the Minitrack with a fuel volume limita­
	tion of 50 ml, and fuel longitudinal dimension of 3 inches (76.2 rom), the corresponding speed selected was 37 meters per second, with a mean deceleration of 30 g (six times greater). It is 
	interesting to note that the orifice dimension of 5/16 inch (8 rom) implies that scaling is according to our liquid breakup-based 
	limit of 1/2 inch. Comparing the results of five different candi­
	date AMF1s, the RAE found that it took 2.3 to 3.3 times as much 
	additive concentration in the large-scale sled test fuel compared 
	to the Minitrack to get comparable "passing" results. 
	The necessary modification to the Minitrack to evidently limit 
	spray dispersion (i.e., increase droplet number density) has been 
	previously discussed in Section II. This is another case where 
	droplet size spectra data on large-and small-scale AMF 
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	flammability fa-cilities would be invaluable. It is conceivable that the Minitrack could be adjusted to provide representative mist clouds in quantitative terms. Droplet mpasurements on a screening test such as this might also indicate anomalous perform­ance of an N1F with a different sensitivity to the Ninitrack's particular dynamics. 
	. 
	JPL l\lINI-WING SHEAR FACIIJITY

	This facility utilizes a free air jet 8 inches in diameter at discharge, capable of a maximum speed of 80 meters/second. Approximately two diameters downstream, centered (elevation view) in the j~t, is the mini-wing leading edge, incorporating a slit 
	0.5 cm (0.2 inches) high for fuel release upwind. MaximuM fuel ejection speed is 15 meters/sec. Located approximately 3.6 air jet diameters downstrearo (centered in the jet) is an oxy­acetylene flame whose holder and mass flow can be altered to vary ignition source size and enerqy release rate. 
	Thermocouples at four locations downstream (from about 7 to 17 diameters from the free jet orifice) along the jet flow axis monitor wake flames. 
	Test parameters are air jet speed, fuel ejection speed and mass flow, fuel temperature, and N1F concentration. 
	This facility must be consigered in the broader context of a multi­faceted program by JPTJ to a.dvnnce AMF technology. This includes fundamental study of AMF behavior during breakup (e.g., pendant droplet testing), development of a somewhat larger small-scale wing shear apparatus, and application of advanced imaging techni­ques to quantitatively e\7aluate M JIF mists. 
	The advanced imaging techniques have already been applied to the 
	JPL Mini-wing testing. Reference 5 provides preliminary data and 
	images on fuel mists for Jet A neat and with FM-9 M1F in concen-­
	t.ra~tions of 0.1, 0.2, and 0.3% by weigrlt. This work is partic­
	ularly relevant to correlations of AMF flammability test rigs, 
	since combustion-based correlations may be supplemented by quanti­
	tative droplet da.ta correlation.s. 
	The data presented in reference 5 are promising, but need the 
	following features to allow direct correlation with liquid break­
	up models and/or less sophisticated diagnostics being recommended 
	for other A~1F flammability tests: 
	1. The droplet mist should be characterized in the region of the ignition source. As illustrated by the example model 
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	output, Figures 111-3 through 111-8, breakup may still be pro­gressing--particularly in the evident wake of air and fuel off the trailing edge of the wing. 
	2. 
	2. 
	2. 
	Data in the form of cumulative mass fraction versus drop­let diameter (Figure 11-6) are also highly desirable for the region of the ignition source. 

	3. 
	3. 
	Droplet number density data bv droplet size range (e.g., increment of cumulative mass fraction, Figure 11-6) in the region of the ignition source are also highly desirable. 


	The above may represent the practical and economic limit of data that may be obt.ained at other AMF flammability test facilities. 
	It is also desirable that a generous data base be established which directly relates droplet characterizations to flammability results over a wide range of independent test variables, includ­
	ing air and fuel ejection speed, fuel mass flow and temperature, AMF additive concentration, flameholder configuration, and flame mixture flow rate. To facilitate comparisons, the values of these parameters are needed, in addition to any scaling schemes. 
	Pass/fail criteria related to the JPL Mini-wing have been pre­viously discussed--based on wake flame measurements by Makowski of the FAA. Another Pass/Fail method is defined by V. Sarohia 
	(reference 5). The aforementioned thermocouples in the wake flame have registered a large difference in "reduced temperature," as much as an order of magnitude, depending on whether the ratio of fuel-to-air mass flow rates was above or below about 0.1. For example, increasing the mass flow ratio from 0.08 to 0.11 increases the "reduced temperature" at one thermocouple location 
	(about 11 diameters from the air jet's orifice) from about 0.02 
	to about 0.21. This was for 0.1% FM-9 by weight in Jet A. Asso­ciated with these flammability test results are corresponding 
	images of the two mist clouds. According to Sarohia, this large 
	change in recorded temperature may be used to define "pass" and 
	"fail" mist configurations. 
	No data have been located characterizing the free air jet util­
	ized, other than the single velocity in the "potential core," and 
	related air mass flow rates and temperatures. Characterization 
	of extreme and mean velocities and turbulence intensities are desirable in the regions(s) of liquid breakup, ignition/heating, 
	and propagation. 
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	FAA FLAMMABILITY COMPARISON TEST APPARATUS. 
	The FCTA has been developed to provide a common app~ratus for evaluating the flammability of M1F's at various fa.cilities. Five units have been shipped to various test facilities, with a sixth retained at. the FAA Technical Center. The FCTA provides? porta­ble, self-contained, semi-automatic test sYstem which requires minimal test fuel and can be operated indoors with adequate space and proper precautions. MIF's can be evaluated at various fuel flow rates and air speeds. The units have been calibrat~d and c
	ing t.he candidate Al·1F's arl(l for monitoring t.he flammabilit~/ per­
	formance of various batches o~ N·1F at different points in their storage life. 
	Details on the ~'CTA are presented in reference 6. Fla.mmability criteria have been discussed in Section II. Briefl~{, air from a pressurized tank is introduced into a I-inch 1.0. mixing pipe in a velocit.~T range of 40 to 80 meters/sec. Test fuel is expe11ed from a cylinder by a motor-driven piston into a 0.25" thin wall 
	stainless 
	stainless 
	stainless 
	steel tube. 
	This 
	tube 
	penetrates 
	the 
	air pipe 
	and 

	extends 
	extends 
	a long 
	its 
	center1. ine 
	4. 5 
	inches 
	bp for(~ 
	pxpe11 ing 
	t~hp 
	fue 1 

	upstream 
	upstream 
	into 
	the 
	air 
	flow, 
	typically 
	a~ 
	rates 
	from 
	8 
	to 
	18 

	ml/sec. 
	ml/sec. 


	The two-phase mixture proceeds downstream where it is expelled through a 16-inch diffuser whos~ large end is 4 3/16-inches in internal diameter. The diffuser protrudes through the right-hand side of the FCTA's cabinet. A bucket catrhes liquid from the diffuserls outlet, and a 4-foot hy R-foot steel pan collects air­carried ejecta. A propane torch is mounted along ~he axis of the diffuser, pointed downstream, with the flRme holder tip about five inches from the exit plane of the diffuser. Any resulting combu
	severe test conditions and combustion responses. The FCTA is the culmination of d.e'velopment ,York a.s qi\Ten by references 7, 8, 9, and 10. 
	~NALYSIS. The FCTA differs from the wing spillage rigs in that 
	(1) no replica wing is provided for fuel/spray impingement and possible reintroduction into the air flow, and (2) the air supply, liquid jet, plume, and diffuser regions are enclosed. Referring back to Section II, Figure 11-4, when the diameter of 
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	the fuel plume exceeds the diameter of the bounding pipe, impinge­ment of the entire periphery of the plume occurs. This peripheral 
	impingement is obviously fundamenta.lly different from impingement upon an airfoil traversing approximately the horizontal diameter of the plume. Considering the rnechanics of liquid breakup in the airstream, it is reasonable that the smallest and most rapidly subdivided fuel particles would be selectively recombined by 
	impacting the inner wall of the 1-inch 1.0. pipe of the FCTAi whereas tests with an airfoil give impingement acr0SS a smaJ.I horizontal "slice" through the plume--involving only a small proportion of the outer plume droplets. In such a case, the peripheral impingement of the FCTA might provide coarser droplets and, hence, less flammable mixtures than with the same conditions but without peripheral impingement. 
	It is not evident whether the rang~ of fuel and air flows of the FCTA will yiel~ conditions of substantial peripheral impingement 
	in some cases, and verv low or minimal impingement in others. In 
	some operations of the FCTA, a substantial proportion of the test 
	fuel load, 20% or greater, has been observed to flow as a liquid 
	from the diffuser after a test run. This would indicate, barring 
	some malfunction of the FCTA, that very substantial impingement 
	is occurring. 
	If FCTA operations do cross over from low to high impingement, the test results may be significantly shifted--since droplets stripped from liquid fuel in contact with the inner surface of the pipe are formed in a very complex boundary layer, whose char­acteristic velocity profiles and turbulence intensities may vary radically from the nominal air flow conditions calibrated and measured in the main flow stream. This is further complicated by the fact that fuel mixing is occuring before turbulent air flow has
	It might be argued that the impingement and reformation of much 
	of the liquid in a given FCTA test might represent the close 
	proximity of a ground plane to a wing--e.g. with a low-wing air­
	craft crash scenario. Although it is true that large quantities 
	of spray will be intercepted by the ground plane, the fact 
	of the outer plume would not impinge 
	remains that as much as 180 
	0 

	of the plume impinges with the 
	on the ground plane, whereas 360 
	0 

	peripheral confinement of the FCTA. 
	Regardless of the mechanism whereby droplets are formed, an objec­tive criterion can be based on liquid breakup analysis and model­ing with appropriate droplet size and distribution data. The 
	49. 
	FCTA appears ideally suited for droplet characteriza~ion in the region of ignition and fireball propagation. The already exist­ing flammability data base cotlld. be rapicJl~' supplemented by II coldII tests (e. g., no ignition source) involving relati,rel~l simple, portahle droplet diagnostics. By comparing independent test variables of the FCTA (e. g., fllel and air velocity, M·1F concentra­tion ) with droplet populations and f larnma.bili ty reslllts, and by comparing similar data from large scale facilit
	(with scaling) to those of a large-scale facility. 
	SWRI SPINNING DISC. 
	The Southwest Research Institute Spinning Disc facility is unique in that it utilizes rotation to accelerate liquid MIF into the atmosphere past an ignition source. A disc ahout 2.5 inches in dia.rneter is mounted horizonta.lly on a high speed (variable) motor's shaft. A ~up is centered in the disc, into which the test fuel flows from a static tube overhead. The cup connects with four radial flow channels in angular increments of 90 mea­sured in the plane of the disc--each 2 nun in diameter and 10 mm 
	0 

	long. The channels terminate at ports in the edge of the disc. About 3.9 inches (10 em) from the disc's edge is an ignition 
	flame. The disc apparatus has the interesting property that the liquid flow rate through it does not vary appreciably with RPM. Hence, for a typical test a suitable flow rate is established at low RPM, and then rotational speed is increased to a maximum of the order of 30,000 RPM. Very discrete and repeatable flammabil­ity phenomena can ensue. The first stage involves increasing growth of the flame envelope about the isrnition source. At higher RPM, a remarkably stable planar semi-circle of flame develops a
	flame propagates inward and engulfs the spinning disc. 
	ANALYSIS. Of particular concern was the physical comparability of liquid breakup hy opposed air and fuel jets in longitudinal translation, versus the rotariona] schem~ of the spinning disc. The relati\Te fuel-to-air velocit~J for the spinning disc is reported as the tangential velocity of the disc~ that is, the product of the disc's angular speed and its radius. Tab]e 111-5 presents tangential velocities for various rotatio~al speeds. 
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	TABLE 
	Rotational Speed (RPH) 
	6,000 12,000 18,000 24,000 30,000 
	111-5. Spinning Disc 
	Tangential Velocity 
	(m/ s) 
	19.8 
	39.6 
	79.2 
	158.4 
	316.8 
	Dynamics 
	Radial. Accelerat.ion. 
	(g) 
	1,260 
	5,070 11 ,400 20,300 31,700 
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	This table also presents values of radial acceleration acting at each exit orifice in the disc's edge, based on: 
	2 
	A =rw
	R 
	where A is the radial acceleration, r is the disc's radius, and w is the ¥otational speed. 
	Considering the high radial forces acting on the liquid at the ejection ports, and the fact that the liquid has been acted on by a radial force which has increased proportionately with distance from the disc's axis, it appears that a significant radial veloc­ity should be vectorially added to the tangential velocity to obtain a more realistic value for the initial fuel-to-air veloc­ity. It is also evident that the liquid is being acted upon with­in the flow channel by lateral Coriolis forces. These are typi
	In addition, there is no evident mechanism except fluid drag to damp out the high rotational rates imparted to the liquid up to 
	ejection. This could significantly i.nfluence the shapes of AMP droplets, in contrast to relatively negligible rotational effects 
	in full-and large-scale spillage tests. 
	It is particularly important to directly compare droplet popula­
	tions formed by the spinning disc with droplet data from large­
	scale tests. In this way, it is likely that an empirically 
	derived relative fuel/air velocity (related to disc RPM) will prove more relevant than tangential velocity of the disc. 
	CORRELATION OF FLAMMABILITY TESTS. 
	The various AMF flammability test fa.cilities were consistent in 
	differentiating between fuels severely deficient in post-crash 
	fireball reduction, and relatively successful ones. Table 111-6 
	provides data on the characterizations of the flammability per­
	forman.ce of neat. ,-Tet A and N'IF for each of the facilities, versus 
	appropriate independent test variables. For ease of comparison, 
	Description (Facility/ApparatuR) 
	NAEC 
	NAEC 
	NAEC 
	SP-2H 
	(No.1) 

	Crash Tes.ts: 
	Crash Tes.ts: 

	TR
	(No.2) 

	TR
	(No.2) 

	TR
	(No.4) 

	TR
	(No.4) 


	FAATC Wing Spillage Tests: 
	TABLE 111-6. AMF Flammability Test Data Summary 
	TABLE 111-6. AMF Flammability Test Data Summary 
	TABLE 111-6. AMF Flammability Test Data Summary 

	Fuel 
	Fuel 
	Temps. 
	Maximum Speeds 
	Orifice Config. 
	Fuel Flow 
	No. of Tests 
	Flammability Results (Description/Quantity) 
	P M a a 
	F a

	Type 
	Type 
	Cone. 
	Fuel 
	Air 
	Air 
	Fuel 
	Total 

	TR
	(wt. \) 
	(OF) 
	(OF) 
	(Ft/Sec) 
	(Ft/Sec) 
	(Ft/Sec) 
	(in. ) 
	(Gal/Sec) 
	s r 
	i 

	TR
	s 9 
	1 

	Jet A 
	Jet A 
	0.00 
	68 
	70 
	203 
	34 
	237 
	6 x 9 
	58 
	1 
	Fire engulfed aircraft (12 orifices) 
	x 

	FM-9 
	FM-9 
	0.26 
	70 
	42 
	174 
	32 
	206 
	6 x 9 
	55 
	1 
	Limited, self-exting. fires 
	x 

	FM-9 
	FM-9 
	0.28 
	70 
	42 
	174 
	32 
	206 
	6 x 9 
	55 
	Limited, self-exting. fires 
	x 

	FM-9 
	FM-9 
	0.27 
	75 
	35 
	200 
	36 
	2)6 
	6 x 9 
	62 
	1 
	Avgas contam.-low spec. AMF 
	x 

	FM-9 
	FM-9 
	0.30 
	75 
	35 
	200 
	36 
	236 
	6 x 9 
	62 
	Low spec. AMF 
	x 

	Jet A 
	Jet A 
	0.00 
	75 
	Amb. 
	220 
	27 
	247 
	4.25 Ma. 
	20 
	Gp. 1 
	48 fps flame speed 
	;' 
	x 

	Jet A 
	Jet A 
	0.00 
	75 
	Amb. 
	220 
	81 
	301 
	4.25 dia. 
	60 
	Gp. 1 
	80 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	<211 
	27 
	<238 
	4.25 dia. 
	20 
	Gp. 2 
	<10 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 228 
	27 
	238 to 255 
	4.25 dia. 
	20 
	Gp. 2 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	>228 
	27 
	>255 
	4.25 dia. 
	20 
	Gp. 2 
	>20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 228 
	27 
	238 to 255 
	4.25 dia. 
	20 
	Gp. 3 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	216 to 233 
	54 
	270 to 287 
	4.25 dia. 
	40 
	Gp. 3 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	220 to 235 
	81 
	301 to 316 
	4.25 dia. 
	60 
	Gp. 3 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	47 
	Amb. 
	225 to 236 
	27 
	252 to 263 
	4.25 dia. 
	20 
	Gp. 4 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	62 
	Amb. 
	218 to 233 
	27 
	245 to 260 
	4.25 dia. 
	20 
	Gp. 4 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	67 
	Amb. 
	215 to 230 
	27 
	242 to 257 
	4.25 dia. 
	20 
	Gp. 4 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	81 
	Amb. 
	211 to 228 
	27 
	238 to 255 
	4.25 dia. 
	20 
	Gp. 4 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	96 
	Amb. 
	208 to 221 
	27 
	235 to 248 
	4.25 dia. 
	20 
	Gp. 4 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	110 
	Amb. 
	194 to 208 
	27 
	221 to 235 
	4.25 dia. 
	20 
	Gp. 4 
	10 to 20 fps flame speed 
	x 

	FH-9 
	FH-9 
	0.20 
	80 
	Amb. 
	166 to 191 
	27 
	193 to 218 
	4.25 dia. 
	20 
	Gp. 5 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.25 
	80 
	Amb. 
	174 to 199 
	27 
	201 to 226 
	4.25 dia. 
	20 
	Gp. 5 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 228 
	27 
	238 to 255 
	4.25 dia. 
	20 
	Gp. 5 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.35 
	80 
	Amb. 
	238 to 250 
	27 
	265 to 277 
	4.25 dia. 
	20 
	Gp. 5 
	10 to 20 fps flame speed 
	x 

	FM-9 
	FM-9 
	0.4p 
	80 
	Amb. 
	296 to 306 
	27 
	323 to 333 
	4.25 dia. 
	20 
	Gp. 5 
	]0 to 20 fps flame speed 
	x 
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	TABLE 111-6. AMF" Flammability Test Data Summary (Continued) 
	TABLE 111-6. AMF" Flammability Test Data Summary (Continued) 
	TABLE 111-6. AMF" Flammability Test Data Summary (Continued) 

	Description (Facility/Apparatus) 
	Description (Facility/Apparatus) 
	Fuel I Type Cone. (wt. %) 
	Temps. Fuel Air (OF) (OF) 
	Maximum Speeds Air Fuel Total (Ft/Sec) (Ft/Sec) (Ft/Sec) 
	Orifice Config. (in. ) 
	Fuel Flow (Gal/Sec) 
	No. of Tests 
	Flammahility Results (Description/Quantity) 
	P a s 
	M a r 
	F a i 

	TR
	s 
	9 
	I 

	(5.5 
	(5.5 
	ft. 
	to ground) 
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 
	27 
	238 to 
	4.25 dia. 
	20 
	Gp. 
	6 
	10 
	to 
	20 
	fps 
	flame 
	speed 
	x 

	TR
	228 
	255 

	(7.0 ft. 
	(7.0 ft. 
	to ground) 
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 
	27 
	238 to 
	4.25 dia. 
	20 
	Gp. 
	6 
	10 
	to 
	20 
	fps 
	flame 
	speed 
	x 

	TR
	228 
	255 

	(11.5 
	(11.5 
	ft. 
	to ground) 
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 
	27 
	238 to 
	4.25 dia. 
	20 
	Gp. 
	6 
	10 
	to 
	20 
	fps flam,e speed 
	x 

	TR
	228 
	255 

	TR
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 
	27 
	238 to 
	4.25 
	dia. 
	20 
	Gp. 
	7 
	10 
	to 
	20 
	fps 
	flame 
	speed 
	x 

	TR
	228 
	255 
	flat 

	TR
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 
	27 
	238 to 
	4.25 dia. 
	20 
	Gp. 
	7 
	10 
	to 
	20 
	fps 
	flame 
	speed 
	x 

	TR
	228 
	255 
	cone 

	TR
	FM-9 
	0.30 
	80 
	Amb. 
	211 to 
	27 
	238 to 
	1 1/2 
	x 
	3 3/4, 
	3 
	20 
	Gp. 
	7 
	10 
	to 
	20 
	fps 
	flame 
	speed 
	x 

	TR
	228 
	255 

	NWC 
	NWC 
	Fuel Spillage/ 
	Jet! 
	A 
	0.00 
	88 
	81 
	to 
	248 
	11 
	259 
	6 dia. 
	10.3 
	1 
	40-ft. 
	fir~ball 
	x 

	Air Shear Tests: 
	Air Shear Tests: 
	100 

	TR
	FM-9 
	0.30 
	81 
	81 
	to 
	167 
	16, 
	190 
	6 dia. 
	14.5, 
	2 
	Failed ignition pulse, 
	x 

	TR
	100 
	23 
	20.9 
	wing 
	not engulfed 

	TR
	FM-9 
	0.30 
	81 
	81 
	to 
	186 
	22, 
	20B 
	6 dia. 
	19.5, 
	2 
	Pool 
	fire 
	or wing engulfed 
	x 

	TR
	100 
	17 
	15.3 

	TR
	FM-9 
	0.35 
	80 
	81 
	to 
	186 
	22 
	20B 
	6 dia. 
	20.3 
	1 
	Self-extinguishing or 
	no 
	fire 
	x 

	TR
	100 

	TR
	FM-9 
	0.35 
	80 
	81 
	to 
	206 
	22 
	228 
	6 dia. 
	19.5 
	1 
	x 

	TR
	100 

	TR
	FM-9 
	0.40 
	81 
	81 
	to 
	203 
	18, 
	225 
	6 dia. 
	lS.B, 
	2 
	x 

	TR
	100 
	22 
	19.8 

	TR
	FM-9 
	0.40 
	80 
	81 
	to 
	218 
	21 
	239 
	6 dia. 
	19.0 
	1 
	x 

	TR
	100 

	TR
	FM-9 
	0.40 
	82 
	81 
	to 
	240 
	21 
	261 
	6 dia. 
	18.5 
	1 
	x 

	TR
	100 

	TR
	FM-9 
	0.45 
	80 
	81 
	to 
	269 
	17 
	286 
	6 dia. 
	14.8 
	1 
	x 

	TR
	100 

	TR
	FM-9 
	0.45 
	84 
	81 
	to 
	285 
	16 
	301 
	6 dia. 
	14.3 
	1 
	x 

	TR
	100 

	TR
	FM-9 
	0.50 
	77, 81 
	to 
	223, 
	16, 
	279 
	6 dia. 
	14.0, 
	3 
	x 

	TR
	82 
	100 
	270 
	9 
	7.9 
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	TABLE 111-6. AMF Flammability Test Data Summary (Continued) 
	TABLE 111-6. AMF Flammability Test Data Summary (Continued) 

	Description 
	Description 
	Fuel 
	TE'mps. 
	Maximum Speeds 
	Orifice Config. 
	Fuel Flow 
	No. of Tests 
	Flammability Results (Desc~iption/Quantity) 
	P M a a 
	F a

	(Facility/Apparatus) 
	(Facility/Apparatus) 
	Type 
	Cone. 
	Fuel 
	Air 
	Air 
	Fuel 
	Total 

	TR
	(wt. \) 
	(OF) 
	(OF) 
	(Ft/Sec) 
	(Ft/Sec) 
	(Ft/Sec) 
	(in. ) 
	(Gal/Sec) 
	s r 
	i 

	TR
	s g 
	1 

	UK/RAE Rock.et (2 Rockets) 
	UK/RAE Rock.et (2 Rockets) 
	Avtur' 
	0.00 
	65 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Large fi~e 
	x 

	Sled Tests: 
	Sled Tests: 
	Diesel 
	0.00 
	51 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Large fire 
	x 

	TR
	FM-9 
	0.20 
	32 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Large fire 
	x 

	TR
	FM-9 
	0.30 
	-33 to -4 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	3 
	No fire or flare 
	x 

	TR
	FM-9 
	0.30 
	34 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Borderline pass 
	x 

	TR
	FM-9 
	0.'30 
	43 to 50 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	B 
	No fire or flare 
	x 
	011 

	TR
	FM-9 
	0.30 
	50 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Borderline pass, flare 
	x 

	TR
	FM-9 
	0.30 
	52 to 84 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	17 
	No fire or flare 
	x 

	TR
	FM-9 
	0.30 
	86 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Flare 
	x 

	TR
	FM-9 
	0.30 
	88 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	BordE'rline pass 
	x 

	TR
	FM-9 
	0.30 
	88 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Rorderline fail 
	x 

	TR
	FM-9 
	0.30 
	97 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	1 
	Flare 
	x 

	TR
	FM-9 
	0.40 
	97 
	Amb. 
	220 
	26 
	246 
	0.5 x 18 
	16 
	2 
	Flare 
	x 

	(3 Rockets) 
	(3 Rockets) 
	FM-9 
	0.30 
	45 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	1 
	Borderline pass 
	x 

	TR
	FM-9 
	0.30 
	59 to 78 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	3 
	No fire or flare 
	x 

	TR
	FM-9 
	0.30 
	73 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	1 
	Borderline pass 
	x 

	TR
	FM-9 
	0.30 
	77 to 86 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	3 
	Flare (2), mist ign. (1) 
	x 

	TR
	FM-9 
	0.40 
	79 to 86 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	2 
	Borderlin~ pass 
	x 

	TR
	FM-9 
	0.50 
	93 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	1 
	No fire or flare 
	x 

	TR
	FH-9 
	0.50 
	95 
	Amb. 
	289 
	33 
	322 
	0.5 x 18 
	17 
	1 
	Borderline pass 
	x 

	JPL Mini-Wing 
	JPL Mini-Wing 
	F'M-9 
	0.30 
	70 
	Amb. 
	190 
	28 
	218 
	0.2 x w 
	N.D. 
	1 
	.3 to 2.8 ft. wake flame 
	x 

	Spillage Tests: 
	Spillage Tests: 
	FH-9 
	0.30 
	70 
	Amb. 
	210 
	18 
	228 
	0.2 x w 
	N.D. 
	1 
	.9 to 3.1 ft. wake flame 
	x 

	TR
	FM-9 
	0.30 
	70 
	Amb. 
	210 
	28 
	238 
	0.2 x w 
	N.D. 
	1 
	.6 to 3.1 ft. wake flame 
	x 

	TR
	FH-9 
	0.30 
	70 
	Amb. 
	210 
	37 
	247 
	0.2 x w 
	N.D. 
	1 
	1.2 to 2.8 ft. wake flame 
	x 

	TR
	FM-9 
	0.30 
	70 
	Amb. 
	256 
	28 
	284 
	0.2 x w 
	N.D. 
	1 
	.4 to 2.2 ft. wake flame 
	x 

	TR
	FM-9 & Gy1col 
	0.30 
	70 
	Amb. 
	190 
	20 
	218 
	0.2 x w 
	N.D. 
	1 
	1.9 to 8.8 ft. wake flame 
	x 

	TR
	FM-9 & Gylcol 
	0.30 
	70 
	Amb. 
	210 
	18 
	228 
	0.2 x w 
	N.D. 
	1 
	.6 to 5.6 ft. wake flame 
	x 

	TR
	FM-9 & Gylcol 
	0.30 
	70 
	Amb. 
	210 
	28 
	238 
	0.2 x w 
	N.D. 
	1 
	1.6 to 3.8 ft. wake flame 
	x 

	TR
	FM-9 & Gyicol 
	0.30 
	70 
	Amb. 
	210 
	37 
	247 
	0.2 )( w 
	N.D. 
	1 
	1.6 to 5.0 ft. wake flame 
	x 

	.­
	.­
	FM-9 & Gylcol 
	0.30 
	70 
	Amb. 
	256 
	28 
	284 
	0.2 )C w 
	N.D. 
	I 
	1.6 to 3.1 ft. wakE' flame 
	y. 
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	TABLE 111-6. AMF Flammability Test Data Summary (Continued) 

	Description 
	Description 
	Fuel 
	Temps. 
	Maximum Speeds 
	Orifice Confiq. 
	Fuel Flow 
	No. of rests 
	Flammability Results (Description/Quantity) 
	P M a a 
	F a

	(Facility/Apparatus) 
	(Facility/Apparatus) 
	Type 
	Cone. 
	Fuel 
	Air 
	Air 
	Fuel 
	Total 

	TR
	(wt. \) 
	(OF) 
	KOF) 
	(Ft/See) 
	(Ft/Sec) 
	Ft/Sec) 
	(in.) 
	(Gal/Sec) 
	s r 
	i 

	TR
	s 9 
	1 

	FAATC Flammability Comparison Test Apparatus: 
	FAATC Flammability Comparison Test Apparatus: 
	Jet A 
	0.00 
	64 
	Room 
	131 to 164 
	6.4 
	170 
	0.09 dia. 
	.0021 
	2 Wake flame, <0.4 BTU/ft -sec 2 
	x 

	TR
	Jet A 
	0.00 
	64 
	Room 
	164 to 19~ 
	6.4 
	203 
	0.09 dia. 
	.0021 
	Fwd. flame, 0.4 BTU/ft -sec 
	x 

	TR
	Jet A 
	0.00 
	64 
	Room 
	197 to 246 
	6.4 
	252 
	0.09 dia. 
	.0021 
	x 

	TR
	Jet A 
	0.00 
	64 
	Room 
	131 to 164 
	7.9 
	172 
	0.09 dia. 
	.0026 
	propagatio2 into nozzle, 0.6 BTU/ft -sec "' 
	x 

	TR
	Jet A 
	0.00 
	64 
	Room 
	164 to 230 
	7.9 
	238 
	0.09 dia. 
	.0026 
	x 

	TR
	Jet A 
	0.00 
	64 
	Room 
	246 
	7.9 
	254 
	0.09 dia. 
	.0026 
	x 

	TR
	Jet A 
	0.00 
	64 
	Room 
	131 to 246 
	12.7 
	259 
	0.09 dia. 
	.0032 tc .0042 
	x 

	(Batch A) 
	(Batch A) 
	FM-9 
	0.30 
	64 
	Room 
	148 to 246 
	11.2 
	257 
	0.09 dia. 
	.0021 tc .0037 
	x 

	TR
	FM-9 
	0.30 
	64 
	Room 
	148 to 246 
	12.7 
	259 
	0.09 dia. 
	.0042 
	x 

	TR
	FM-9 
	0.30 
	64 
	Room 
	230 
	12.7 
	243 
	0.09 dia. 
	.0042 
	x 

	TR
	FM-9 
	0.30 
	64 
	Room 
	148, 164 
	14.5 
	178 
	0.09 dia. 
	.0048 
	x 

	I 
	I 
	FM-9 
	0.30 
	64 
	Room 
	181 to 246 
	14.5 
	260 
	0.09 dia. 
	.0048 
	x 

	SwRI Spinning Disc Te5t5~ 
	SwRI Spinning Disc Te5t5~ 
	Jet A 
	0.00 
	77 
	Room 
	0 
	49 to 246 
	49 to 246 
	.079 dia. 
	.0022 
	7 
	Flame radiation increase (4 orifices) 
	x 

	TR
	Jet A 
	0.00 
	N.D. 
	Room 
	0 
	33 
	33 
	.079 dia. 
	.0022 
	6 
	Flame radiation increase 
	x 

	TR
	FM-9 
	0.30 
	68 
	Room 
	0 
	227 
	227 
	.079 dia. 
	.0021 
	5 
	Flame radiation increase 
	x 

	TR
	FM-9 
	0.30 
	73 
	Room 
	0 
	204 
	204 
	.079 dia. 
	.0021 
	5 
	Flame radiation increase 
	x 

	TR
	FM-9 
	0.30 
	79 
	Room 
	0 
	200 
	200 
	.079 dia. 
	.0021 
	5 
	Flame radiation increase 
	x 

	TR
	FM-9 
	0.30 
	93 
	Room 
	0 
	204 
	204 
	.079 dia. 
	.0021 
	5 
	Flame radiation increase 
	x 

	TR
	FM-9 
	0.30 
	109 
	Room 
	0 
	200 
	200 
	.079 dia. 
	.0021 
	'4 
	Flame radi~tion increase 
	x 

	TR
	FM-9 
	0.20 
	70­80 
	Room 
	0 
	152 
	152 
	.079 dia. 
	.0021 
	1 
	Flame radiation increase 
	x 

	TR
	FM-9 
	0.30 
	70­80 
	Room 
	0 
	225 
	225 
	.079 dia. 
	.0021 
	1 
	Flame radiation increase 
	x 

	TR
	FM-9 & Gyl-amine 
	0.30 
	N.D. 
	Room 
	0 
	227 
	227 
	.079 dia. 
	.0021 
	7 
	Flame rddiation increase 
	x 

	TR
	FM-9 & Gylcol 
	0.30 
	N.D. 
	Room 
	0 
	282 
	282 
	.079 dia. 
	.0021 
	2 
	Flame radiation increase 
	x 

	TR
	FM-9 & 
	0.30 
	N.D. 
	Room 
	0 
	286 
	286 
	.079 dia. 
	.0021 
	2 
	Flame radiation increase 
	x 

	TR
	SO-A 
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	a uniform set of units was employed in the matrix for RII sources of test data. The most important independent test variables are grouped in the left-hand columns of the matrix, and the flawmabil­ity results are provided at the extreme right. Implicit in our matrix is the working hypothesis that the relative fuel-to-air velocity is fundamental to liquid breakup. Since both temporal and spatial conditions are non-uniform for many of the tests, we sought to define maximum relative speeds for each of the tests
	in Table 111-6 typically represent conservatively low peak fuel ejection velocities in the absence of data to the contrary. 
	In the first case, the NAEC SP-2H Crash Tests, the analytical methods of reference 1 were applied. This particularly involves using the assumed coefficients of velocity and contraction, 0.985 and 0.62, respectively. This provides a relatively high fuel ejection velocity, since a sharp-edged orifice is assumed. It is noted that with a rounded-edge orifice, the contraction coeffi­cient increases to 1.0--which yields no contraction from the 6" x 
	g" rectangular orifice--and hence a minimum fuel ejection veloc­
	ity for the same conditions. 
	In the case of t~he FAATC ~ving Fuel Spillage Tests, a coefficient 
	of 1.0 was assumed in the absence of data on fuel stream contrac­
	tion. Effort is underway to characterize the liquid fuel jet at 
	this facility which may resolve this question. For the NWC Wing 
	Spillage Tests, a sharp-edged orifice was utilized--so a contrac­
	tion coefficient of 0.61 was applied to the 6-inch round fuel 
	orifice. 
	In the remainder of the tests of Table 111-6, coefficients of 1.0 were applied in the absence of other data. It is important to 
	note, however, that in the case of the Southwest Research Insti­
	tute (SwRI) tests, the tangential speed of the spinning disc at 
	its outer edge is utilized for fuel ejection velocity--i.e., the 
	radial component of fuel ejection velocity is ignored. This is 
	consistent with SwRI's method, and computing the radial component 
	with viscoelastic fluids was not feasible. 
	The orifice shape effects are considered significant to breakup. The column provided gives the configuration of a single, typical orifice. vlhere multiple orifices were used, the number is given in the same column, or under "results." 
	57 
	The fuel flow rate in the next column applies to the orifice de­fined in the prior column. This fuel flow column may seem redun­dant, since liquid ejection velocity and orifice configuration are given. However, it was noted in several of the tests that 
	fla.mmability results differed significantly with higher versus lower "loadings" of the airstream by ejected fuel--under other­wise similar conditions. 
	Table 111-7 provides the most comprehensive data for comparing flammability results at nominal fuel temperatures of seven facil­ities--involving FM-9 AMF, particularly at 0.30 weight percent concentration. The fuel-to-ai.r velocities for the "pass" con.di­tion for the SP-2H crash tests and the FAA Wing Spillage Tests are remarkably close. The progressively increasing speeds for a "pass" condition with increasing concentration are self-consis­tent and reasonable. This consistency is shared by the NWC v7ing S
	The UK/RAE 2-rocket sled tests give a "pass-to-fail" threshold velocity for the 0.30% FM-9 concentration (246 ft/sec) that cor­
	responds to the median speed of the FAATC's Wing Spillage Tests 
	for the "marginal" condition an.d the same FM-9 concentration. The problem is that the "fail" conditi.on for the n2-rocket" test­
	ing is at a fuel temperature only 6°F greater than the nominal 
	81°F tested at FAA which gave a "pass" condition. Furthermore, 
	testing at the FAA to 96°F gave a "pass limit" of 235 ft/sec, a drop of only 3 ft/sec. This discrepancy is aggravated at higher 
	concentration--O.40% FH-9 fails in the UK/RAE 2-rocket test at 
	246 ft/sec and 97°F, whereas the sane concentration passes at the 
	FAA Wing Spillage Facility at 322 ft/sec, a difference of 76 
	ft/sec (31%) for a 17°F differential. 
	The UK/RAE 3-rocket sled tests show a "marginal" condition at 322 
	ft/sec down to 79°F fuel temperature, whereas the FAATC Wing 
	Spillage tests show a "passu condition at 322 ft/sec--both for 
	58. 
	TABLE I1I-7. Fuel-to-Air Speeds in ft/sec by Facility, FM-9 Concentration, and Flammability. 
	'C5' 
	U1 
	\.0 
	NAEC SP-SH 
	NAEC SP-SH 
	NAEC SP-SH 
	Pass 
	FM-9 Concentration (Weight %) in Jet A 

	0.20 
	0.20 
	0.25 
	0.30 
	0.35 
	0.40 
	0.45 
	0.50 

	TR
	236 

	Crash Tests 
	Crash Tests 
	Marginal 
	236 (.27%) 

	TR
	Fail 

	FAATC Wing Fuel 'Spillage Tests 
	FAATC Wing Fuel 'Spillage Tests 
	Pass 
	<193 
	<201 
	<238 
	<265 
	<323 

	Marginal (Median) 
	Marginal (Median) 
	206 
	214 
	246 
	271 
	328 

	TR
	Fail 
	>218 
	>226 
	>255 
	>277 
	>333 

	NWC Wing Spillage/ 
	NWC Wing Spillage/ 
	Pass 
	208 
	225 
	279 

	Air Shear Tests 
	Air Shear Tests 
	!vlarginal 
	190 
	228 
	239 
	286 

	TR
	Fail 
	208 
	261 
	301 

	UK/RAE Rocket Sled Tests-2 Rockets 
	UK/RAE Rocket Sled Tests-2 Rockets 
	Pass 
	246 (thru 84°F) 

	TR
	Marginal 

	TR
	Fail 
	246 
	246 (>86°F)-
	246 (97°P) 

	UK/RAE Rocket Sled Tests-3 Rockets 
	UK/RAE Rocket Sled Tests-3 Rockets 
	Pass 
	322 «68°F)-322 (73°P) 
	322 (79 -86°F) 
	322 (93°F) 

	Marginal 
	Marginal 
	322 (95°F) 

	Fail 
	Fail 
	322 (>77°P)-


	m 
	o 
	TABLE 111-7. Fuel-to-Air Speeds in ft/sec by Facility, FM-9 Concentration, and Flammability (Cant'd). 
	TABLE 111-7. Fuel-to-Air Speeds in ft/sec by Facility, FM-9 Concentration, and Flammability (Cant'd). 
	TABLE 111-7. Fuel-to-Air Speeds in ft/sec by Facility, FM-9 Concentration, and Flammability (Cant'd). 

	JPL Mini-Wing Spillage Tests 
	JPL Mini-Wing Spillage Tests 
	Pass 
	FM-9 Concentration (Weight %) in Jet A 

	0.20 
	0.20 
	0.25 
	0.30 
	0.35 
	0.40 
	0.45 
	0.50 

	TR
	218 to 284 

	TR
	Marginal 

	TR
	Fail 

	FAATC Flammability 
	FAATC Flammability 
	Pass 
	257 

	Comparison Test Apparatus-
	Comparison Test Apparatus-
	Marginal 
	259 

	Nominal Fuel Flow (.0021 thru .0042 gal/sec) 
	Nominal Fuel Flow (.0021 thru .0042 gal/sec) 
	Fail 
	243 

	FAATC Flammability 
	FAATC Flammability 
	Pass 
	163 

	Comparison Test Apparatus-
	Comparison Test Apparatus-
	Marginal 
	178 

	High Fuel Flow (.0048 gal/sec) 
	High Fuel Flow (.0048 gal/sec) 
	Fail 
	195 

	SwRI Spinning Disc Tests 
	SwRI Spinning Disc Tests 
	Pass 
	<152 
	<200 to 227 (to 109°F) 

	Marginal 
	Marginal 

	Fail 
	Fail 
	>152 
	>200 to 227 


	the same 0.40% FM-9 concentration. Relevant temperature versus velocity curves are provided by Figure 111-9. 
	It is interesting to note that the temperature sensitivity shown by the UK/RAE testing works in the other direction, as well. An FM-9 concentration of 0.30 is sufficient for a "pass" result at 322 ft/sec at 68°F per the UK/RAE 3-rocket sled tests, whereas chilling the same concentration fuel to 47°F a.t the FAA Wing Spillage facility gives a "pass limit" speed of 225 ft/sec--a discrepancy of nearly 100 ft/sec (43%). In fact, chilling the 0.30% fuel from 81°F to 47°F at the FAA facility only increased the "p
	It is apparent that the FAA Wing Spillage and UK/RAE 2-rocket sled tests agree at 0.30% FM-9 concentration and about 80°F fuel temperature--but diverge very significantly as test fuel tempera­ture either increases or decreases. It is possible that the very different natures of the heating and ignition sources of the two facilities may account for much of the discrepancy. The UK/RAE fa.cility applies much more heating to a mist configuration which rapidly decelerates in the region of the ignition sources, wh
	For the JPL Mini-Wing Spillage Tests, data. usa.ble for this compar­ison were availabl'e from an FAA report (reference 11). JPIJ test data were presented (reference 5) in a scaled format which did not provide all the necessary parameters of Table 111-7. The maximum speed presented, 284 ft/sec, is not necessarily a "pass limit", since no failure velocities were available. However, the reported maximum wake flame length of 3.1 ft. is near a limit cited elsewhereof 1 meter (3.28 ft). Comparing the highest spee
	12 

	(19%), using the latter as a standard. This difference may in­
	crease, depending upon how much additional velocity is necessary with the JPL Mini-Wing to get a 3.3 ft long wake flame. Scale 
	effects may account for much of this discrepancy. 
	The FAATC's Flammability Comparison Test apparatus (FCTA) util­
	izes maximum heat output as measured by a radiometer--compared 
	with the flame size/speed evaluation schemes of the other facil­
	ities. As detai.led in reference 13, "pass," "marginal," and 
	61. 
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	"fail" limits have been defined in terms of heat output--separ­ated by values of 0.6 and 1.0 BTU/ftsec. The 0.6 "pass" to "marginal" threshold corresponds to propagation upstream and into the FCTA's nozzle as observed with a particular batch ("A") of AMF. 
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	Examination of the three sets of curves provided shows that within the range of velocities tested, about 150 to 250 ft/sec, each fuel typically reaches a peak value of heat output at a given flow rate and then diminishes with increasing velocity. This is particularly significant where, for a given fuel flow rate, heat output achieves "marginal" and even "fail" values, then falls back at increasing air velocity to "pass" values of heat output. 
	It is then possible to interpret very high values of absolute air velocity (and relative fuel-to-air velocity) as acceptable condi­tions. The entries in Tables 111-6 and 111-7 for the FCTA illus­trate the problem. A "fail" velocity of 243 ft/sec was encoun­tered at .0042 gal/sec (16 ml/sec) flow, whereas a "marginal" speed of 259 ft/sec was found for the same fuel flow rate. A "pass" velocity at this same flow rate was established at 148 ft/sec. 
	Examination of Table 111-7 shows that the relative fuel-to-air velocities for the "pass" condition vary significantly with flow 
	rate. For the same fuel, 0.30% FM-9 (Batch A), the "pass limit" 
	velocity at lower flow is 257 ft/sec, whereas at somewhat higher 
	flow it is 163 ft/sec--a difference of 94 ft/sec (58%) based on 
	the higher flow. 
	In comparison with the FAATC Wing Spillage Facility, the lower 
	flow range's results are much more desirable--the "pass limit" 
	exceeds that of the Wing Spillage Facility's by only 19 ft/sec. 
	It seems quite reasonable that the heat output criterion of the 
	FCTA can be related to the criteria of other AMF flammability 
	test facilities--particularly the FAA's Wing Spillage Facility. 
	For example, the drop in heat output for speeds past the failure 
	limit may be reasonably attributed to the geometry of the flame, 
	nozzle shielding of the flame from the radiometer, and/or the 
	limited field of view of the radiometer. Past the failure point 
	("propagation into nozzle"), it is likely that a relatively stable flame front forms within the diffuser at the location where the flame speed equals the flow stream's velocity. Increasing the air velocity may increase the intensity of burning within the flame front. With more complete combustion inside the diffuser, less radiation would be sensed outside by the 
	radiometer. This may explain why the heat flux diminishes with condition is reached. Droplet characterization may show that the higher fuel/air velocities give a more finely divided fuel, eliminating any ambiguity that "pass" conditions are encountered at higher velocities than "fail" conditions. 
	increasing air velocity (at the same fuel flow) after the IIfail
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	Finally, the quantity of fuel that exits the FCTA's diffuser as flowing liquid after the run may require measurement and appro­priate corrections--since variations in that parameter mean dif­ferences in fuel spray available to burn, and may affect total heat output in an otherwise unknown way. 
	The SwRI Spinning Disc is physically the most different from the idealized contra-stream flows of fuel and air. However, the upper range of its pass/fail threshold is only 10 ft/sec less than the corresponding value for the FAA Wing Spillage Tests. Figure 111-9 shows liquid fuel temperature sensitivity, in compar­ison with other facilities. Note that the slope of the Spinning Disc curve is quite similar to that of the FAA Wing Spillage facility. The lower velocity values of the Spinning Disc (about 40 ft/se
	The literature (references 11 and 13) documents a discrepancy between flammability results of the SwRI Spinning Disc and the JPL Mini-Wing Facility. The Spinning Disc testing indicates that amine is not necessary in the carrier fluid, whereas the JPL tests indicate the opposite. We could not resolve the difference using existing data, but characterizations of test facility condi­tions and droplet spectra should do much to resolve such dif­ferences. 
	. 
	ENHANCING CORRELATIONS

	Considering AMF flammability tests as a group, there are uncer­
	tainties associated with both independent test variables (e.g., 
	relative fuel-to-air velocity) and the flammability-related 
	results (dependent test variables). Particularly for small-scale 
	tests, some scaling of fuel-to-air relative velocity may be 
	essential to properly replicate full-scale crash conditions. 
	This is difficult considering the number, complexity, and inter­
	dependence of aerodynamic, liquid-breakup, heating, ignition, and 
	flame propagation phenomena. The varying pass/fail characteriza­
	tions of the combustion phenomena of the several test facilities 
	do not always lend themselves to direct, quantitative 
	comparisons. 
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	It is essential that another set of quantitative depen~ent varia­
	bles be determined for t.hose AMF flammability test facilities 
	which are to be ut.ilized in the future. The additional 
	characterizations should consist of fuel droplet size spectr2 and 
	number densities where ignition and flame propagation occur. For 
	engineering analysis, compact droplets may be assumed spherical, 
	with appropriate empirical correction~ for higher surface area-to-volume ratios. 
	Such droplet characterizations would provide hard data with which to correlate the results of liquid breakup models, and provide essential input to ignition and combustion models. 
	Of course, the JPL Mini-Wing Shear tests are incorporating highly advanced methods to perform fundamental studies of all stages of liquid breakup. Much more rudimentary "off-the-shelf" droplet diagnostics are available which could provide the minimum set of droplet data necessary for directly comparing two or more N1F flammability facilities. The two most evidently compatible candidates are the FAA's large-scale Wing Fuel Spillage facility and their Flammability Comparison Test Apparatus (FCTA). Both have e
	The JPL's fundamental research should provide, as a subset of its data output, droplet size spectra and number density data fully compatible with data from the aforementioned facilities. The RAE and SwRI test rigs are also amenable to droplet characterizations and subsequpnt across-the-board comparisons. "Cold" tests (i.e., no ignition) do not appear fea8ible for the NAEC full-scale SP-2H Crash Tests. However, the similarity in scale and flammability correlations with the FAATC Wing Fuel Spillage faci.lity 
	As an essential complement to the droplet data acquired at facil­ities of interest, the semi-empirical liquid breakup model should be extended to include (1) Taylor breakup effects with large jets, and (2) additional Al-1F fuels. Such a model, given adequate align­ment and verification with AMF tests' independent variables and droplet spectra, would allow uniquely confident interpolation and extrapolation of data, regardless of the source facility. The cost of such an effort should be more than compensated 
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	reducing the need for repeated testing (particularly at large scale), and vastly increasing understanding and confidence in N1F performance. 
	AERODYNAMICS. Further aerodynamic characterization appears par­ticularly appropriate for the various Wing Fuel Spillage rigs that employ free air jets. It is evident that the pass/fail cri­teria of the several air jet facilities apply to various jet regions. Velocity and turbulence intensity data are desirable in the regions of the ignition source(s) and typicaJ propagation. Anemometers with this capa.bility are commonly available. S]lch data are important for assessing liquid breakup and flammability of th
	FUEL JETS. Determinations of the contraction coefficients re­lated to the jets of ejected fuel should be made for all N~F flam­mability test facilities utilized in the future. 
	DROPLET DIAGNOSTICS. 
	Recent emphasis on atmospheric studies has led to the development of particle measuring diagnostics which may prove far more cost­effective than the older, more rudimentary and labor-intensive 
	techniques. The most attractive systems use lasers for direct 
	imaging, or a particle sizing interferometric method for the off­
	axis detection of scattered light (Particle Measuring Systems, 
	Boulder, Colorado; and Spectron Development Laboratories, Inc, 
	Costa Mesa, California, respectively). The latter method pro­
	vides droplet velocity and turbulence intensity data in addition 
	to droplet sizes and number densities--a desirable but not indis­
	pensible capability. Diagnostic systems can be purchased which 
	greatly facilitate data reduction, at large potential savings in 
	manpower. Equipment can be purchased outright, leased, or pro­
	vided for a specific time period fully manned with an experienced 
	crew. The latter may be particularly attractive for "one-shot" 
	droplet characterizations of a gi,ren M1F flammability test facil­
	ity. 
	Laser light detection and ranging (LIDAR) methods of the Computer 
	Genetics Corporation (CGC) were also evaluated for application to 
	aircraft crash tests and large-scale M"1F flammability tests. CGC 
	has applied Brillouin, Rayleigh, Mie, fluorescent and Raman scat­
	tering techniques to atmospheric, hydrographic, and pollutant 
	parameter measurements. A typical use is to remotely monitor 
	municipal power plant stack emissions. 
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	Based on our specific inquiries, acquiring droplet size distribu­tion data, particularly in the densities encountered with AMP testing, is not fully developed and operational with LIDAR sys­tems at the present time. 
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	IV. ANTIMISTING FUELS RHEOLOGY 
	The broad objectives in examining the rheological characteristics of antimisting fuels under this program are to assess existing techniques and characterizations of fluid properties relative to* 
	•. 
	•. 
	•. 
	flow (through fuel lines, from crash formed orifices, etc.), and 

	•. 
	•. 
	breakup associated with crash release. 


	These features, of course, are in support of an overall program objective of correlating rheological and flammability test data. 
	In reviewing existing work on fuel rheology, particular attention was given to what is measured versus what is needed to characterize fluid behavior in the indicated situations. These features were explored with full recognition that no known single measurement technique is apt to be appropriate to yield all the rheological parameters of interest, and that it is not practical to specify a set of parameters appropriate to achieve full generality across the undefined range of rheological behavior of possible 
	Accordingly, our rationale for technique examination has involved two considerations--near term and long term. For near term, more detailed fluid properties are desirable to better quantify flow and breakup process performance. For the long term, selected fluid properties are desired which correlate with overall antimisting fuel performance and therefore can be used for quality control of the fuel. 
	The general types of liquid properties which appear to be appropriate for near term needs include: the shear and elongation (tensile) stress-strain rate flow curves, the corresponding viscosities, dis­continuities or regions of rapid change of slope in the flow curves, appropriate measures of fluid elasticity, time dependent effects 
	*An oriqin~l intent was to explore the findinq in connection with uninten­
	ti0nal deqradation, as well as the flow and breaku}J features. While some quali­
	tative remarks relative to unintentional deqradation were gleaned, so very 
	little is apparently known about this topic that meaninqful discussion of it 
	here is not possible. 
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	(such as thixotropy}, gelation-like effects, strain-rate relaxa­tion times, and surface tension. 
	Parameters suitable for the long term quality control type needs are not well known, in general, but can likely be established for specific modified fuels which represent viable candidates. For example, an FM-9 fuel might be rheologically characterized by simple tests which confirm that the additive concentrations are within certain prescribed limits, the lower and upper critical shear rate values fall within suitable ranges, the shear and tensile viscosi­ties are suitable to give simple breakup and flow pe
	In view of the rheological uncertainties involved in the flow and breakup of generic types of antimisting fuels, a pragmatic approach to their rheological characterization is to emphasize techniques which actually involve selected features of fuel flow and breakup under conditions similar to those expected to be encountered in various flammability tests. This will permit key behavioral fea­
	tures to be observed and accounted for, if not fully analyzed. 
	For flow, the techniques which involve the following are believed 
	to be the most relevant: 
	• 
	• 
	• 
	rotational rheometers 

	• 
	• 
	capillary rheometers (flow-through tubes) 

	• 
	• 
	filter/screen/porous bed-type schemes. • open siphon/pendant drop-type schemes.. 


	A number of rotational type instruments, including some which are 
	commercially available, have been reviewed by Van Wazer, et. al.,l 
	Walters,2 and Gaskins and Philippoff. 
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	Of this group the rotating disc type unit represented by the Brookfield Model LV Synchro-Lectric Viscometer with LV adapter represents a convenient device for low-shear viscosities. This relatively in­expensive unit, indicated as a constant temperature viscosity scheme to be examined under this program, is a commonly used and viable instrument for determining low shear viscosities of antimisting fuels. Despite its usefulness in this role, the overall utility of the Brookfield unit is somewhat limited in its
	The group of rotating cone and plate rheometers, such as the Weissenberg Rheogoniometer,l the Mechanical Spectrometer CRheometrics) and the Rotary Rheometer (Instron)2, have been used to characterize 
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	non-Newtonian liquids with varying degrees of success. These units are reported to suffer from problems with secondary flow and ejec­tion of material from the wedge region for certain antimisting fuels (especially FM-9 fuel). As a result, these units have some­what limited ability to characterize the shear behavior of anti­misting fuels, but do represent viable candidates for this purpose in low shear rate regions where such effects are unimportant. 
	The third group of rotating viscometers is represented by the coaxial cylinder units such as the Rotovisco (Haake).l While this unit has less inherent capability for assessing viscometric normal stress effects, it has been used with a certain amount of success in characterizing viscoelastic antimisting fuels. It has also been used previously5 with other viscoelastic materials and, together with an ELZ Visco-Elastic Attachment (Haake),3 has been used for measuring the elastic recoverable shear strain.* The p
	4 
	6
	S 

	The capillary viscometers have also been reviewed by Van Wazer, et. aI.,1 Walters, and Gaskins and Philippoff. A number of instruments of this type are available commercially for gravity or low pressure induced flow. The high pressure units which have been developed in certain laboratories are essentially one-of-a-kind units. , 21 The operation of this type of instrument is based on flow through tubes and a derivation of the associated fluid analysis and instrumental parameters is given in the literature. l
	3 
	3 

	*The use of finite elastic strain concepts to describe fluid response was 16
	s 

	proposed in several early theories,9-lS following Reiner and Freudenthal 
	proposed in several early theories,9-lS following Reiner and Freudenthal 
	1 

	development of a dynamical theory of strength based on a maximum stored distor­
	tional energy. Their approach depends on the idea that the energy used in 
	deforming a viscoelastic liquid is in part stored (as elastic or recoverable 
	strain energy) and in part dissipated (in viscous flow). This scheme introduces 
	a rate dependence, since if energy is input so slowly that it can all be dissi­
	pated, there can be no accumulation of energy to cause rupture. Although it is 
	recognized that such an approach has sometimes been viewed as antiquated, 
	Truesdellhas related it to second order fluids, and Petrienotes a revival 
	17 
	18 

	of interest. in the idea. The recent experimental results from Vinegradov and 
	co-workers19 , 20 show that the state of affairs is not so simple, but the Reiner 
	ided offers a useful first approximation. It is conjectllred that the approach 
	may merit some further consideration as a semi-empirical scheme for use with 
	antimisting fuels, because of its relative simplicity and physical appeal. Such 
	activity should take into account recoverable elonqational strain as well as 
	recoverable shear strain. 
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	shear stress, shear rate, and recoverable shear strain. The high pressure capillary viscometers have been successfully used to characterize a number of viscoelastic materials at high shear rates (in the range of 10to 10sec-l,5 but such units have apparently been sparingly used with antimisting fuels. In part this has stemmed from the dilatant/gelling behavior of FM-9 fuel which tends to plug the capillary tubes.* 
	4 
	6 
	l 

	A Cannon-Ubbelohde four bulb shear dilution viscometer has been used successfully by Pengto obtain zero shear viscosities. 
	22 

	The filter, screen and porous bed-type measurement schemes have been advanced as simple, field-type rheological tests, largely in connec­tion with intentional fuel degradation work. Much of this work originated at the Royal Aircraft Establishment (RAE) and included studies using filters made of stainless steel meshes, Millipore PTFE membranes and cured aircraft filter papers. The aim of this RAE work was to characterize as far as possible the filtration be­havior of FM-9 fuel over a range of levels of degra
	4 

	Although there is some attractiveness of such simple tests in their 
	possible future role in quality control of antimisting fuels, there 
	is little justification for extending their results to other situa­
	tions or configurations where the rheological behavior may have 
	little relationship to flow through a filter, screen or porous bed. 
	From a more fundamental point of view, these types of schemes yield 
	results which represent a confounding of both shear and elongational 
	flow phenomena. As long as the results desired pertain to flow 
	through such a filter or bed, the results actually achieved may be 
	directly interpretable. However, accounting for the results in 
	*This shear-induced gelation phenomenon observed with FM-9 fuel is noted in the discussion of liqlJid breakup elsewhere in this rpport. When gelation is induced in the [low stream away from boundaries and not severely degraded by extensive mechanical action, the phenomenon is essentially reversible, i.e.. upon cessation of straining the gel relaxes and regains its low viscosity nature. Near material boundaries, however, there has been some indication that an additional additive or solvent may be needed to a
	73 
	terms of separate shear and elongational flow features represents a questionable procedure at best, and some alternate technique or configuration that could give separately interpretable results is generally preferred. 
	In this connection another simple test note? as the cup viscosity test, was also indicated as a scheme to be examined under this pro­gram~ The cup-type viscometers, of which there are several types including the Demmler, Ford, Zahn and Gardner one-shot cups, are a number of classes of short-tube or orifice viscometers. The comments by Van Wazer, et. al. relative to these devices are most appropriate. 
	l 

	WIThe original design concept of these viscometers were derived from the Hagen-Poiseuille law which states that the efflux time of a fixed volume through a capillary is proportional to the viscosity of the fluid. Unfortunately, the viscometers that were developed consisted of short capillaries or orifices. Flow in these viscometers does not obey the Hagen-Poiseuille law and efflux times are not in any simple relation to the viscosities ... 
	This type of viscometer, however, is widely used. The popu­larity is due to simplicity and inexpensive operation. In some industrial fields, this type of measurement has been applied to correlate a sample property in terms of the results obtained. However, this is true only when variation of the fluid property from sample to sample is small. For a highly 
	non-Newtonian fluid, these viscorneters will definitely fail. 
	1I 

	The open siphon and pendant drop type schemes noted as flow measure­ment techniques were employed by Peng and Landel,25 and Sarohia and Landelin connection with evaluating the elongational viscosities of antirnisting fuels. The basic geometrical configuration for these schemes (as well as for filtration) are shown schematically in Figure IV-I. These two test techniques are somewhat unique as schemes for direct evaluation of tensile viscosities, although a third scheme based on converging flow (also noted in
	26 

	Attention will now be turned briefly to rheological techniques and measurements which are more closely associated with fuel breakup. As might be expected, information in this area is rather sparse~ The reasons, of course, are obvious since breakup represents a 
	Figure
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	discontinuity in flow, and the fluid measurements and techniques noted apply basically to flow prior to (or during various intermedi­ate stages of) breakup. Correlations of fluid properties with breakup are about the best that can be expected at present, and this topic has been discussed at length throughout the liquid breakup section of this report. It is perhaps useful to highlight some of the results indicated, suggested or implied from that section. 
	The current investigation of antimisting fuels breakup has given some indication of the rheological features apt to be important in the breakup process. The tensile viscosity and/or elasticity associated with an elongational strain rate is of special import 
	in the formation and breakup (or not) of liquid filaments and threads. Shear viscosity plays a minor role in this action, unless this viscosity is quite large. 
	On the other hand, shear viscosity appears to playa dominant role 
	in instability (wave) growth and ligament shedding. The contri­bution of tensile viscosity in this case is believed to be minor. 
	The formation of gel-like material for particular strain rates, 
	such as with FM-9 fuel, may have a profound influence on breakup. 
	The reversibility of this gel-like nature may be of far greater 
	import to the flow through pipes, pumps and fuel filters than to 
	liquid breakup, since the fluid is not expected to relax before 
	breakup occurs. 
	These observations seem to suggest that in liquid breakup, a 
	principle which may be loosely described as a "principle of least 
	resistance," seems to govern what happens in response to a given 
	driving force. This view also seems to be correlated to some 
	extent with the rheological properties of the antimisting fuel. 
	In particular, whichever viscosity--shear or tensile--is the 
	lesser will determine what happens at that stage of the breakup 
	process, provided the configuration permits (or causes) a flow 
	governed principally by that parameter to occur. 
	The closely related situation which may be envisioned as occur­
	ring frequently in liquid breakup consists of simultaneous shear 
	and elongational flow. The governing parameters in this case are 
	not well known. This type of motion borders on the hypothesized 
	actions of drag reducing fluids in suppressing turbulence in a 
	liquid,. A laminar counterpart to this turbulent flow action in­
	volves combined longitudinal flow and secondary flow in curved 
	tubes. The effects of polymer additives in this combined flow case 
	have been examined by Tsang and James. 
	28 

	Measurement techniques specifically configured to characterize the fluid properties relevant to breakup do not currently exist, and from a fundamental standpoint may be unnecessary. For purposes of quality control, however, it is probable that one or more simplified type field tests which emphasize the breakup features of antimisting fuels should be devised. 
	One relevant technique which appears to be a test to measure the onset of shear induced dilatancy (or gelation in FM-9 fuel) is the so-called "Inertial Rheometer" devised by Gustavino and co­workers. ,30 This scheme has rather surprising sensitivity, but needs further characterization in terms of particular experi­mental variables, pump pressures and flow parameters. It may be that the secondary flow phenomena explored by Tsang and Jamesmay cause some elongational flow effects when coiled tubes are employed
	29 
	28 

	Another type scheme which is merely suggested at this point, as 
	it has not been explored experimentally under the present effort, 
	is a scheme based on breakup, but intended to serve as a routine 
	check (or characterization) of elongational (and perhaps dila­
	tional) flow. This technique is basically a pendant drop type 
	configuration, with supplementary laminar airflow to cause drop 
	separation and filament rupture (or not), if necessary. The 
	point is to explore the diameter changes of droplets, or droplets on the threads which are produced for a variation of elongational viscosity. If the droplet diameter change is sufficiently sensi­tive to changes in elongational viscosity, then with proper cali­
	bration, a measurement of droplet size can be used to indicate 
	elongational viscosity of the fuel. Calibration of this scheme 
	may involve measurements similar to those made earlier by Sarohia 
	and Landel. 
	26 

	Finally, it should be noted that one or more particular rheometric techniques cannot be recommended to the exclusion of others, since each may have a range over which the values it indicates are perfectly valid. However, it does appear that the potential capabilities of rheometers such as the Rotovisco (with elastic recoil attachment) and the high pressure capillary units have not been fully exploited in antimisting fuels evaluations. 
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	v. LIQUID BREAKUP 
	RATIONALE. 
	The introduction of antimisting fuel as a means of reducing fuel fires in aircraft crashes is in recognition of the fact that coarse droplet fuel sprays represent a smaller fire hazard than fine sprays. 
	The flow and deformation properties of a fuel are known to influ­ence how the fuel breaks up and what the resultant sizes of spray droplets are in a crash environment as well as in an aircraft engine. Liquid breakup, however, is the process which actually determines the spray droplet sizes. The key concerns in consider­
	ing fuel breakup in actual or simulated crash test configurations, therefore, are to: 
	• Establish the nature and final size distributions of drops 
	(or other shapes) in relevant neat and antimisting fuel sprays. 
	•. 
	•. 
	•. 
	Identify mechanisms expected to be important to the breakup process over the range of small-to large-scale laboratory tests and in full-scale crash scenarios. 

	•. 
	•. 
	Ascertain the expected dependence of candidate breakup. mechanisms on the rheological characteristics of likely. antimisting fuels.. 

	•. 
	•. 
	Determine techniques for incorporating breakup information to correlate flammability test data, including the extension of limited test data to other scenarios. 


	The expected process, mechanisms and results of breakup are of 
	principal concern in this section. 
	The overall breakup process depends not only on the properties 
	of the liquid fuel, but also on the frontal surface of liquid 
	exposed to the airstream and on the magnitude of the relative 
	air velocity. This process may change with scale both due to the 
	size and shape of the liquid surface interacting with the air­
	stream, and due to different breakup mechanisms being involved 
	with these liquid surfaces of different sizes. These types of 
	changes are likely to occur over the range of small-to large­
	scale configurations employed to date in flammability testing of 
	antimisting fuels. 
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	The breakup mechanisms of importance are expected to include oscil­latory, stripping and Taylor breakup. Relevant findings reported in the general spray literature were used, together with limited results directly applicable to antimisting fuels, in identifying these key mechanisms and their likely role in jet and droplet breakup. Information stemming from previous FAA and related work on antimisting fuels was also taken into consideration. 
	The droplet size distributions and mass concentrations of sprays produced in various tests can, in principle, be determined experi­mentally. The exclusive use of experimental techniques to char­acterize droplet size information is very inefficient and is often not feasible. In our opinion a better approach is to incorporate additional liquid breakup mechanism information into a physical model of the breakup process and align the model with selected experimental findings. The model can then be used to extrap
	Physical models which account for complex liquid breakup phenomena are relatively rare. Under the present effort one existing model of this type, patterned after the early work of Mayer,l was 
	located. This model treats the aerodynamic stripping breakup of 
	liquid injected into a subsonic airstream, accounts for both pri­mary and secondary breakup, and characterizes the complete result­
	ing size distribution on a number and a mass basis. Although 
	this model was the result of a major developmental effort for 
	other applications, exte.nsions of the model are necessary to make 
	it fully applicable to antimisting fuel testing and analysis. The model is considered to be an excellent candidate for this type 
	of modification in the future. 
	To enhance confidence in the utility of this breakup model we have, at company expense, put a computer coded form of it on-line and found excellent correlation with available data on Newtonian liquids under conditions of interest under this program. These results are included later in the discussion. 
	Information as to how the breakup process governs droplet sizes in different situations is important both to achieve an under­standing of why the antimisting fuel works as it does, as well as to obtain insight on potential fuel and/or system modifications for improved fire resistance. Liquid breakup is recognized as an intermediate step in establishing the correlation of flamma­bility test data and in conducting exploratory development tests of antimisting fuels. It is especially significant in the correla­
	achieved in tests of different scale. Once data correlation is complete, it is probable that breakup considerations can be circum­vented and the flammability results can be directly related to the rheological properties of the treated fuel. In particular, it is anticipated that a quality-control type of test on selected fuel properties would be adequate to ensure suitable antimisting fuel performance over a wide range of full-scale crash scenarios. 
	The preceding topics form the rationale for the subsequent dis­cussion of liquid breakup as it applies to antimisting fuels. 
	LIQUID BREAKUP MECHANISMS. 
	A large number of past studies have been conducted to further the understanding of atomization phenomena and the mechanisms of liquid breakup. A few investigations which have emphasized the more fundamental aspects of aerodynamic breakup of liquids have succeeded in clarifying many features of the process. Several of these features are relevant to spray formation of antimisting fuels. 
	Until rather recently most of the investigations concentrated on the breakup of low viscosity Newtonian liquids with small lateral dimensions, such as jets, sheets and individual drops. The princi­ples and controlling physical properties determined in these small scale cases also apply to larger scale jets, drops and globs of liquid for suitable ranges of governing parameters. Studies involving the breakup of highly viscous, non-Newtonian liquids are rather limited, and the corresponding mechanisms are less
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	OSCILLATORY BREAKUP. The breakup of a small, low-speed liquid jet moving into still air was the first problem of this type to be treated analytically and this was done by Rayleigh. While such a jet, per se, is of little direct concern here, the considera­tions of small liquid column or filament breakup which are inti­mately related to that of a small jet are quite relevant. This is because such filaments are often produced as intermediate elements in the rupture of large jets and drops. As such, the rupture
	6 
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	What Rayleigh actually analyzed were the oscillations of a cylinder of incompressible, inviscid fluid of circular cross section under the action of surface tension. In this case the column of liquid 
	is inherently unstable . Small initial instabilities a.rising from unspecified sources are expected to grow exponentially as axially symmetric waves--which rupture the column when the largest wave amplitude equals the column radius. The lengths of the resulting 
	liquid segments are determined by the wavelength, ~opt, of the most rapidly growing disturbance. This wavelength, Aopt, depends only on the diameter Dj of the column, is independent of the other physical properties of the liquid or surrounding air, and is given by 
	A = 4.508 D .• (l)
	opt J 
	The corresponding diameter d of spherical drops formed by action of surface tension on each segment of the ruptured column is 
	3
	d = [.~ D~ A ]1/. (2) 
	2 J opt 
	While Rayleigh and many subsequent investigators have used this 
	theory or its extensions to treat jets, Keller, Rubinou and Tu7 
	have shown that the theory is not directly applicable to jets. 
	The difficulty is not due to (slow) motion of the jet, but arises 
	because the analysis assumes that the oscillation grows in ampli­
	tude everywhere along the jet, including the region near the 
	nozzle where the jet originates. In reality, the oscillation is 
	negligible near the nozzle and grows with increasing distance 
	from the nozzle along the jet. The first case of oscillation 
	over the entire length of the column represents an example of 
	temporal instability, whereas wave growth with length along a 
	jet represents spatial instability. The general topic of spatial 
	instability analysis is treated by Betchov and Criminale. 
	8 

	Keller and coworkers further showed that spatial growth rates of certain modes of instability of the jet are related to the temporal growth rates of corresponding modes of oscillation of the cylinder for low jet speeds. This explains why good agreement is observed between the results predicted for an oscillating liquid column and experiments on low speed jets. 
	As it turns out, the case of oscillating liquid columns which 
	Rayleigh treated is the one chief interest here, rather than the 
	case of jets. However, the connection between the two and the 
	fact that part of the available experimental informa>tion applies 
	to jets gives impetus for examining the results of other 
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	investigations carried out with small jets to estimate likely breakup behavior of columns or filaments. 
	Subsequent efforts of Rayleigh6 and the later work of Weber9 pro­duced more refined estimates of Aopt by taking into account pro­per-ties of both the liquid and the surrounding air. With low speed jets, however, the air still only has a secondary influence on breakup. 
	Weber derived the following expression for the optimum wavelengtll 
	It opt = 12 
	(3). 
	where n is the shear viscosity, a is the surface tension, and P£ is the density of the liquid. The average diameter d of spherical drops initially produced by breakup of the cylindrical column is still given by equation (2). 
	In recent years the stability of jets in stagnant air has been investigated further by Middleman and coworkersIO--to more fully evaluate the influence of the ambient medium, high speed laminar flow, turbulence in the nozzle, and the use of viscoelastic liquids. They found that the time -to breakup t is given by a
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	b
	relationship 
	, D. 
	..L 
	-l. 
	(4 )
	t = a* In 2cS 
	b 

	where: a* is the growth rate of the instability wave 
	D. is the jet diameter, and 
	8is the initial radial dimension of the disturbance in the jet. 
	J 

	In these studies the instability was characterized by measurement of jet breakup length, Lb, which is related to jet velocity Vj and breakup time tb by Lb = Vj • tb. Phinney's re-examination of these datal3 suggests that the lnitial disturbance at the jet exit may depend on jet velocity. 
	These findings further indicate that columns (i.e., jets, liga~ rnents or filaments) of Newtonian liquids tend to disintegrate readily as a result of initial disturbances which grow as station­ary waves, even at very low speeds relative to air. The drops resulting from the breakup of such a column depend mainly on the column diameter. 
	Additional investigations of the breakup of low speed jets of viscoelastic and viscoinelastic liquids were conducted by Goldin, et al. and by Gordon and coworkers.lS Their findings indicate the instability pattern of a jet of viscoelastic fluid may be dramatically different from that for a Newtonian fluid. 
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	For 0.1% polymer,* shear thinning, viscoelastic solutions, exponen­tial wave growths were absent. Large isolated drops appeared at random intervals and the jet became a string of drops, irregularly spaced, connected by thin filaments of liquid. Some filaments sub­sequently broke, and individual drops were then released. The filaments generally showed significant longevity and did not always break. 
	Jets of liquids with lesser elastic properties (e.g., 0.05% solu­
	tion as above) showed an initial region where a disturbance propa­gated as an exponentially growing wave of constant wavelength. Growth of this wave was stunted before breakup occurred, and a 
	string of regularly spaced small droplets, joined by filaments of liquid, was again formed. with increasing distance from the nozzle, a breakup region existed where the connecting filaments developed secondary instabilities and ultimately broke. The 
	filaments then either collapsed to form small satellite drops or were snapped into an adjacent primary drop. 
	With viscoinelastic liquids, filaments were also observed, but 
	these filaments ruptured at the filament-droplet joints. The 
	resulting free ligaments each disintegrated into several small 
	satellite drops. 
	The unusual longevity of the filaments between droplets was charac­terized as due to stretching or elogational flow which increased the elongational (tensile) viscosity of the filament. While this flow might be induced by relative motion of the droplets to which the filaments were attached, Gordon, et al., employed jets perturbed by controlled disturbances. This resulted in negligible relative motion between droplets. Even in this case of uniform droplet spacing, the steady exponential decrease in filament 
	* One of the materials used was Separan AP-30 (Dow Chemical Co.), a. partially hydrolyzed polyacrylamide of high molecular weiqht.. 
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	Further considerations in oscillatory-type breakup of jets, sheets and drops take into account the motion of the fluid and varying degrees of influence of the surrounding air. As the velocity of a jet is increased above the negligibly low value used previously, breakup of the jet into drops becomes partially influenced by interaction of the jet with air. The air velocity increases over the wave crests and decreases in the trough regions. Simultan­eously, the pressure decreases over the crests and increases 
	As the jet velocity is increased further, the wave motion on the 
	jet changes from axially symmetric (varicose or dilational) to asymmetrical (sinuous)* as a result of increased surface inter­actions with the air. 
	Oscillary type breakup of tangentially moving sheets and hollow cones of Newtonian liquids, such as may be produced by fan or 
	swirl type hydraulic nozzles, has also been considered by several 
	investigators. -This breakup occurs in a manner similar to 
	21
	24 

	that of a liquid column. Small disturbances in the sheet develop 
	to form waves which rapidly grow until they reach a critical 
	amplitude. Tears occur in the wave crests and troughs, and frag­ments of the sheet corresponding to a half wavelength (of sinuous waves) are broken off. These fragments contract by surface ten­
	sion into unstable cylindrical ligaments. In addition, holes 
	that often form in the sheet also result in the formation of liga­
	ments. These ligaments ring the holes. Some of the ligaments 
	move with their long axes in the direction of flow, but the major­
	ity of them move transversely. The ligaments, themselves, are 
	unstable, exhibit growing oscillations and disintegrate into 
	droplets. 
	* For clarity it is noted that the diametrically npposed sides of a jet. (or two surfaces of a sheet) oscillate in phase to produce sinuous waves, or. 
	thE:'y osci] late out of phase to produce dilational waves. 
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	Two different maximum growth rate instability waves are involved in this process; one is of wavelength 1 on the sheet, and another is of wavelength Aopt on the cylindrical ligament. The latter is given approximately by the Raleigh criterion equation (1). A sheet of thickness h which breaks into a band of width a~ (where a is a constant in the range between 0 and 1) is expected to collapse into a cylindrical ligament of diameter 


	2(h~A)~ . 
	2(h~A)~ . 
	The resultant droplet diameter d resulting from the ligament dis­ruption is given by 
	~ 
	d ~ 2 ~ 1 (haA) (5) 
	It will be noted that the droplet diameter can be expressed directly in terms of the wavelenath of disturbance on the sheet. Dombrowski and Johns have refined this analysis and tested it 
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	experimentally. They express the drop diameter d in terms of the 
	jet diameter Dj by 
	6
	3 
	(6) 
	d =[ ~2] 1/ .[1 + (p 9v::j) 1/2 ]1/ 0j 
	1/5
	1/5
	4 7)1/3
	with 


	V 
	V 
	(7) 

	+ 2.60( K2S 
	1 
	p 

	(1£ 
	72p 

	Figure
	and where K is a constant to be determined empirically,* V is the relative air-to-liquid velocity, Pis the gas density, and n, 0, and Pt are the viscosity, surface tension, and density of the liquid, respectively. 
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	Sheet breakup of non-Newtonian liquids has been investigated experimentally by Dombrowski, et al. using shear thinning alumi­num soap petroleUTIl "gels", and by Ford and Furmidge26 using shear thinning water-in-oil emulsions. The former 25 shows an example in which a 1/2-inch diameter jet of petrol gel injected into still 
	25 

	* The p(Jramet()r K is r(:;-ldted to the sheet thickness h (-it a distance x from thf: nozzle ori fice by h = K/x. 
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	air at about 150ft/sec first develops surface irregularities, then surface waves--which increase in extent until they are formed into a large sheet. Such sheets are very thin and disintegrate when they become unstable. While sheets are formed under partic­ular conditions, their formation from jets should be recognized as possible but not commonplace. 
	Thin sheets were produced in these investigations by forcing liquid through a fan nozzle where the liquid experienced a high shear rate. The shear-thinned viscoelastic sheets so formed all disintegrated into stable ligaments, but the nature of ligament breakup was found to depend on the consistency,* nc, of the liquid. At values of nc ~ 1 the sheet broke up almost spontan­eously into droplets. Increased values of nc ~2 gave ligaments resistant to fracture and with beads formed on them. In the range of 25 < 
	The preceding studies indicate that the major effects of elonga­tional flow and fluid elasticity in the breakup of viscoelastic filaments are to oppose their breakup and to increase the size of droplets or liquid fragments. Figure V-I indicates the probable role of viscoelasticity in filament breakup when breakup does occur. 
	* Consistency is a viscosity equal to the slope of the shear stress vs. shear rate curve for the liquid at any given point. The values of nc reported in Reference 25 were in Gardner units, since a Standard Gardner mobil­ometer was used. The values represent the number of grams corresponding to a rate of fall of 0.1 em/sec of a plunger which moves down through the liquid in a close (but not tightl fitting cylinder. These values are ap:Jroximately proportional to consistency in poise. 
	27 

	** Two types of phenomena are knnwn to occur with dilatant materials: 29 volumetric dilatancy, which denotes an increase in total volume under shear; and rheological dilatancy, which refers to an increase in apparent viscosity with increasing shear rate. This latter property is more commonly associated with dilatant fluids, and is the one of main interest here. 
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	FIGURE V-I. PROBABLE ROLE OF VISCOELASTICITY IN BREAKUP 
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	In closing this section on oscillatory breakup, it is noted that the oscillatory breakup of drops has also been treated both experimentally and theoretically.30-34 However, this type breakup is of little interest for antimisting fuels. The scheme according to which the breakup of droplets is categorized, on the other hand, is of interest. It will also indicate why oscillatory breakup is essentially negligible in the present context. 
	A common assumption made in treating the breakup of liquids is that when the maximum aerodynamic force tending to disrupt the liquid exceeds the surface tension force that holds it together, the liquid will burst. This condition is quantified by equating these two forces, which for wind against a spherical surface of diameter DO gives a relationship of the form 
	Figure
	(8 ) 
	where CD is the drag coefficient of the drop, u is the air velocity and v is the velocity of the liquid at breakup. By rearranging expression (8) the breakup criteria can be expressed in terms of a critical Weber number We by
	c 2 PaV DO We = ---= ( 9)
	c a 
	for the relative air-to-liquid velocity V. 
	The assumption on which this condition is based is true only for small rates of stress loading and not at high (e.g., shock) loading rates, since breakup and associated flow of liquids are known experimentally to be a time-dependent process. Nevertheless, the condition has been useful in practice for indicating regions where certain types of droplet breakup occur. It should be recognized that large liquid viscosity or elasticity can also affect breakup behavior, so that classification based solely on Weber 
	Andersen and Wolfedetermined experimentally that a liquid drop 
	34 

	can undergo five separate modes of breakup in an airstream, 
	depending on the conditions: 
	1. 
	1. 
	1. 
	Dumbell oscillation -This action is observed at low values of We (~8), just above the critical value required for breakup. A droplet undergoing dumbell oscillation breaks into two smaller drops. 

	2. 
	2. 
	Bag breakup -For slightly higher values of We, a drop flattens and its center is then blown out in a concave manner to form a thin-walled hollow bag which breaks. with a relatively high viscosity, elastic fluid, the bag typically ruptures and deflates without producing small droplets. 

	3. 
	3. 
	Stamen breakup -This variation of bag breakup is characterized by a forward protruding stem, which is formed in the center of the bag prior to breakup. 

	4. 
	4. 
	Stripping breakup ~ At still higher values of We (~lOO) the breakup of a flattened drop occurs by continual stripping (shear) of the liquid away into ligaments and droplets by the wind (gas stream). This is the dominant mechanism by which drops are broken up over a wide range of conditions, as well as by which jets and bulk liquids are broken up aerodynamically. 

	5. 
	5. 
	Taylor breakup -At very high values of We (~l04) a drop sud­denly accelerated by a high velocity air stream will flatten aero­dynamically and its frontal surface will quickly become corrugated by Taylor instability growth. The corrugations rapidly deepen until the drops shatter into smaller fragments, which may then continue to undergo breakup by surface stripping. This type of breakup is important for bulk liquids and large jets which undergo significant deformation before fragmentation. 
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	STRIPPING AND TAYLOR BREAKUP. As indicated in the previous drop breakup classification scheme, stripping and Taylor breakup occur at relative air-to-liquid velocities higher than those which cause oscillatory disintegration. These two forms of breakup are grouped together here because they compete with each other in the initial breakup of bulk (large scale) liquid. The conditions of liquid dimensions and relative velocity determine which mechanism is of dominant importance. The following discussion of these
	in the very few cases where non-Newtonian liquids have been 
	investigated. 
	A slug of bulk liquid injected into a low aircraft-speed (60-150 knots) counterflowing external airstream undergoes simultaneous bulk deformation and stripping lsurface erosion) at its free surfaces exposed to the air flow. The initial surface stripping of the liquid is slow due to low wind speed and relatively small l deformation of the bulk liquid has time to occur. The deformation results in lateral spreading and geometrical thinning of the liquid. While the thick­ness of the deformed liquid in the direc
	exposed liquid surface area. As a result 
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	flow decreases, Taylor instabilities (waves) grow on the liquid's windward surface. When the amplitude of these instabilities becomes equal to the thickness of the deformed liquid, the liquid fractures into a number of smaller pieces. This rapidly produces a large liquid surface area. In turn, this increase in area greatly enhances the overall stripping rate and the pieces continue to break up by surface stripping. In this situation, the Taylor breakup process dominates the initial disintegration of the liq
	For the case of continuous flow from a large jet into a counter­
	flowing airstream, as above, a steady-state deformation condition 
	is reached whereby the jet spreads laterally and its penetration against the airstream is halted at some distance from the orifice. 
	In this terminal region, the liquid flow is nearly lateral (as it 
	reverses direction relative to the air velocity) and the liquid 
	forms a curved sheet convex to the wind with a thickness which 
	decreases rapidly with distance from the jet axis. It is in this 
	region where Taylor instabilities are expected to grow on the windward surface and break up the rather thick liquid sheet into 
	small pieces. These pieces then continue to break up by surface 
	stripping, as above. 
	If the jet is small rather than large, Taylor breakup is neglig­
	ible, except perhaps at very high air velocities, and the dominant 
	breakup mechanism is surface stripping. 
	The stripping and Taylor mechanisms are indicated in a somewhat 
	idealized but illustrative manner in Figure V-2. 
	Stripping breakup occurs when liquid shear by wind is accompanied 
	by growth of surface waves which form and shed ligaments. These 
	ligaments separate from the main liquid mass, undergo growing 
	oscillations due to instability of the column, and break up (or 
	not) into drops--depending on conditions or liquid properties. 
	If these drops formed by primary breakup are large and the rela­
	tive velocity is still high enough, the drops may break again. 
	This latter action is called secondary breakup. 
	As noted earlier, individual drop sizes are generally related to specific wavelengths of surface waves, so it is expected that the size spectrum of drops produced by stripping breakup is determined by the spectrum of wavelengths excited by the wind. Waves of very small wavelength do not develop because of viscous dissipation, and very long wavelengths develop slowly because of inertial effects. Between the very short and very long wavelengths, there exists a spectrum of wavelengths that can be excited to ap
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	amplitudes during the time of action of the high velocity gas flow. The waves actually generated show effects of capillarity and wind acceleration. Their growth rate is determined by the balance of wind energy causing their growth and viscoelastic energy dissipation in the wave. 
	The stripping breakup mechanism concept appears to stern from the early work of Castlemanon the disruption of a high velocity jet. Development of the concept, however, was carried out largely in connection with the aerodynamic breakup of single drops by several investigators; including Lane,36 Hinze,3l,32 Gordon,37 Hanson and coworkers,38 Engel,39 Andersen and Wolfe,34 and Ranger and Nicholls. Detailed investigations involving jets were carried out by Clarkeand Morrell,42,43 Sherman and Shetz,44 and Weiss a
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	The work of Sherman and Schetz 44 is of particular interest in 
	that it confirms by high speed photography the formation of ligaments and ligament shedding under high-speed shear conditions. 
	The study of Weiss and Worshamproduced one of the best available sets of droplet data. They employed hot wax in a hot gas stream to avoid effects of evaporation and devised a scheme to obtain representative samples of droplet mass-size distributions. They correlated their data by means of the following equation for the mass-median diameter, d d: 
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	mm 
	dmmd (10) 
	where Vj is the jet velocity and Dj is the jet diameter, and all quantities are in cgs units. 
	Andersen and coworkersnote that, based on a number of studies, the mass median droplet size produced by small jets is proportional to the quantity 
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	aD b
	n. 
	J 
	where the experimental index constants vary over the approximate ranges: a = 0.2 -0.45, b = 0 -0.5, and c = 0.75 -1.33. Values 
	where the experimental index constants vary over the approximate ranges: a = 0.2 -0.45, b = 0 -0.5, and c = 0.75 -1.33. Values 
	of these indicies (especially b) are uncertain for jets with orifice diameters larger than about 0.5 inches. They also note that a large amount of experimental work shows that for a wide range of conditions the drop and jet breakup time tb due to surface stripping are given by 

	(11) 
	The experimental constant k has been found.to range from about 2 to 6, with a value near 3.5 often representing a "best" value. 
	Taylor breakup stems from growth of the instability of the free boundary surface of a liquid. This instability arises when the 
	liquid is subjected to an acceleration normal to the surface, with the acceleration directed into the liquid. Acceleration in the opposite direction from the more dense liquid toward the less dense air acts to stabilize the interfacial boundary.* 
	The classical case of interfacial stability of a semi-infinite liquid under constant acceleration was analyzed by Taylorand was examined experimentally by Lewis. They did not consider 
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	liquid sheet fragmentation specifically. 
	Keller and Kolodner investigated the growth rate of the fastest 
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	growing Taylor instability induced by a wind impinging normally on the surface of a nonviscous liquid with finite surface tension. 
	They obtained theoretical expressions for the approximate size of 
	the liquid pieces formed by this mechanism, and the time required 
	for this to occur. 
	Bellman and Penningtonalso investigated the growth of the 
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	fastest growing Taylor instability for the cases of (1) a non­
	viscous liquid with surface tension, (2) a viscous liquid without 
	surface tension, and (3) a viscous liquid with surface tension. 
	Their results show that the presence of surface tension generally 
	* Another type of phenomenon known as Helmholtz instability also exists. This type of instability develops in the surface of a liquid by a shearing wind stress. According to Reference 46 the wavelengths excited by the wind in the classical Helmholtz sense are much smQller than the observed droplet sizes, suqqesting that this type of instability does not represent a primary breakup mechanism. 
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	has a negligible e~fect on the wavelength of the fastest growing disturbance, and that this wavelength is viscosity dependent. The main effect of viscosity is to retard the growth rate of the disturbances and to increase the wavelength of the fastest growing disturbance. This, of course, would result in larger liquid 
	pieces being produced by this break-up mechanism 
	If, 
	Much of what is known about Taylor breakup has· resulted from studies of water droplet breakup conducted by several workers; including Reinecke and Waldman,52 Simpkins and Bales,53 and Harper, et al. These investigations give additional confidence in the validity of this mechanism for breakup. 
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	A full theoretical or experimental treatment of Taylor breakup 
	of deformed liquid jets does not seem to be available in the 
	literature, either for Newtonian or non-Newtonian liquids. This 
	situation makes it difficult to know, without further investiga­
	tion, the combination of conditions of jet size, relative velocity 
	and liquid properties where Taylor breakup becomes important. 
	Preliminary estimates from a brief examination of photographs of 
	jet breakup in antimisting fuels test configurations under typical 
	operating conditions suggests that in these situations Taylor 
	breakup is unimportant for initial jet diameters less than about 
	0.5 inch, but may begin to become significant for diameters larger than about I inch. This is a topic which deserves further detailed attention in order to better quantify the change in breakup behavior with test scale. 
	ANFUE. 
	TIMISTING 
	LS BREAKUP

	The previous section has concentrated on general breakup mechanism information with relatively little input from antimisting fuels studies. In the present section the latter is emphasized. This separation has been made purposely in an attempt to clearly indicate how the rather sparse breakup information on antimisting fuels dovetails with (and is supported by) the general information. Several of the antimisting fuels that were one-time or current candidates are also noted since their breakup behavior is rel
	97 
	photographic investigations have provided most of the available information on breakup mechanisms specifically related to these fuels. Zinn, Eklund and Neese55 examined the aerodynamic breakup of fuels injected through a 5/16-inch I.D. plain nozzle, costream into a 110-knot air flow. The nozzle was fed by a 58.6 foot-long fuel hose of 1/2-inch I.D. The fuels used included neat Jet A, and Jet A solutions of 0.2 mass percent CanoeD AM-I, 0.4 mass percent Dow XD8132.01, and 0.7 mass percent Imperial Chemical I
	While the Jet A fuel, itself, is a Newtonian liquid, the result­ing fuels modified with AM-I exhibit a shear thinning behavior,56 and with FM-4 and XD8132.01 show a shear thickening or dilatant nature. The shear thickening behavior of FM-4 differs significantly 
	from that of the Dow material. The former exhibits slight shear 
	thinning, power law fluid behavior under laminar flow conditions 
	for shear strain rates less than about 100 sec-I, and a mildly dilatant shear stress-shear strain rate (flow curve) nature for larger values. The fuel with Dow additive is essentially Newtonian below a critical shear rate (about 800 sec-l for 0.7 weight percent XD8132.01 in Jet A), and tends to form a gel-like 
	57 

	solid above this value. Preliminary results obtained by Mannheirnerindicate that a second critical point exists at high 
	56 

	shear stress (and slightly higher shear rate) beyond which a near­Newtonian behavior is again observed. 
	The fuels with AM-I and FM-4 additives are known to exhibit viscoelastic properties,58, and each of the three modified fuels 
	57 

	are known to exhibit high elongational viscosities. 59 The 
	elongational viscosities at given strain rates increase with 
	additive types in the sequence XD8132.01, FM-4, and M~-l (for 
	the respective mass concentrations in solution of 0.7%, 0.3% and 
	0.2%). The variations of shear and tensile viscosities with 
	their corresponding strain rates are shown in Figure V-3 for a 
	solution of 1.3 mass percent AM-l in JP-8 fuel'. The tensile 
	viscosity curve in Figure V-3 is dashed to show approximate 
	behavior over a range of strain rates, including the region 
	where data (indicated by points) were taken. 
	The photographs taken by Zinn, et ale at various distances from 
	the nozzle indicate that the rheological nature of the modified 
	fuels has a significant influence on the final fuel particle con­
	figuration. The AM-I fuel is characterized by small ligaments 
	near the nozzle, which are drawn out into sheets and into thin 
	droplet-containing threads by the moving air. The FM-4 fuel 
	exhibited somewhat larger ligaments and fewer droplet-laden 
	filaments. The XD8132.01 fuel broke up into relatively large, 
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	FIGURE V-3. APPROXIMATE SHEAR AND TENSILE VISCOSITIES FOR. 1.3% AM-1 IN JP-8 FUEL (ADAPTED FROM REFERENCE 66). 
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	irregularly shaped globules. The corresponding flammability tests were inconclusive because of uncertainties of fuel spreading and dilution. 
	The long fuel flow hose used on these tests ahead of the nozzle is expected to have preconditioned the fuel viscosities while achiev­ing fully developed shear flow. The thread formation observed with AM-4 and FM-4 is consistent with direct ligament formation at the nozzle, followed by inhibited breakup and filament thinning, char­acteristic of viscoelastic liquids with high tensile viscosities, as noted earlier. The large globule formations observed for XD8l32.0l appear to be the result of direct breakup of
	The subsequent investigations by Eklund60 and Eklund and Neese6l , 
	in connection with developing a small-scale test apparatus to compare the flammability of modified fuel sprays, also included taking photographs of the breakup of antimisting fuels. In these 
	cases additives were mixed with the neat fuel to form the follow­
	ing mass percentages in Jet A: 0.4% FM-4 and 0.2% AM-I. Also, 
	0.3% FM-9 in Avtur was tested. 
	The modified fuels nature indicated earlier is supplemented here by the shear thickening FM-9 fuel. The rheological properties of 
	this fuel are similar to those of the XD8l32.0l treated fuel, 
	except that the FM-9 fuel is only slightly viscoelastic under 
	particular flow conditions. 62 Further, FM-9 exhibits antithixo­
	tropy,* show concentration-dependent lower and upper critical 
	shear rate values,63 and exhibits a tensile viscosity of somewhat 
	uncertain values. ,65** The lower critical shear strain rate at 
	64 

	75°F for 0.3 mass percent of FM-9 in Jet A is about 3100 sec-. 
	l 
	66 

	The second critical shear strain rate for this material occurs at 
	63
	about 9100 sec-. 
	l 

	In these tests the sprays were again directed costream with the 
	air flows, which in this case were 200 rni/h and 285 mi/h. The 
	observed breakup of modified fuels was essentially as before, 
	* Antithixotropy may be of particular importance in liquid breakup consi­derations since the shedding of individual fragments typically occurs in the millisecond time regime. Primary breakup would be expected to occur before aerodynamically induced strain on the liquid would cause significant tensile viscosity effects to become apparent. 
	*.* The tensile or elongation viscosity of FM-9 fUels has been a measure­ment challenge and the results to date show significant disparities. 
	100 
	except the photographs showed a significantly greater filament formation tendency with AM-I fuel than for FM-4 fuel. The FM-9 treated fuel showed even greater breakup into droplets and regular shaped fuel globs than was apparent earlier with the Dow material. 
	The breakup behavior observed in these tests for FM-9 is interpreted here as involving an antithixotropic fuel that is not preconditioned to exhibit high tensile viscosity at or near the time of breakup, such as might be expected for a fuel which has experienced large shear or elongational strain rates via flow through a long pipe or nozzle. The breakup is believed to occur primarily as a result of shear flow-governed instabilities which grow and break in a time interval that is short compared to the time i
	In this region, the range of wavelengths of wind induced instabili­ties which can grow is restricted, as are the resultant drop sizes that are produced when these disturbances break. These size re­strictions arise from the combined effect of available wind driving force and the second critical shear strain rate. As the maximum shear strain rate which can be produced by the wind approaches the second critical point from above, the lower and upper drop size limits approach one another. The drop size which the
	These breakup results are not obvious, and have been determined 
	using the breakup model (noted later) in an application involving 
	FM-9 treated fuel. 
	The ignition and flame propagation features of these modified 
	fuels clearly showed that the AM-I fuel strands ignited rather 
	easily, and sprays of this fuel possessed a burning tail. Both 
	FM-4 and FM-9 fuels showed good resistance to ignition. 
	A significant breakup finding embedded in these flammability 
	results is that the mere suppression of fuel droplet formation is 
	not by itself adequate to indicate good resistance to ignition and 
	burning of a fuel. These findings were confirmed by additional 
	test work carried out by Eklund and Cox. This feature was 
	67 

	apparently overlooked by Hoyt and coworkers in their very recent effort to correlate fuel drag reduction rroperties with jet breakup. 
	68 

	On a strictly physical basis, the reasons seem apparent as to why a fuel which has formed droplet chains joined by filaments poten­tially represents poor resistance to ignition and flame propaga­tion. Drawing on the earlier discussion of oscillatory breakup of viscoelastic jets and filaments, it will be recalled that the filaments between droplets tend to thin rather significantly, and may break due to aerodynamic forces. The filaments or threads often remain as filaments without disruption or significant r
	The investigation by Faulof jet and droplet breakup is also relevant. He examined jets of neat Avtur and AM-I, and FM-9 in Avtur--as well as droplets of neat Avtur and FM-4 and FM-9 in Avtur. The mass concentrations of additives used in the fuels were 0.2%, 0.3% and 0.4% for AM-I, FM-9 and FM-4, respectively. 
	62 

	The jet results tend to be consistent with previous work and with explanations advanced earlier in this section. In particular, the suppression of turbulence in AM-I fuel jets is a rather well documented action observed in connection with drag reducing viscoelastic fluids, a group to which AM-I fuel belongs. ,69 A considerably greater degree of turbulence was observed in FM-9 jets, implying that the viscoelastic effects in this case were far less than for AM~1 fuel. 
	68 

	For the droplet tests, the fuels were fed to the test region through a 0.4 mm inside diameter capillary, with length-to-diameter ratio of about 750. Using low flow rates, Avtur fuel injected into still air gave a very short jet followed by a stream of dis­crete spherical droplets formed by Rayleigh-type breakup. At the point of separation from the capillary jet, the droplets broke 
	102. 
	away cleanly--showing no signs of filament formation. An increased viscosity fuel sample (presumably viscoinelastic), prepared with 75 mass percent liquid paraffin and 25 mass percent Avtur, also showed no filament formation, but some occurrence of small droplets near larger ones. The latter were presumably caused by a small amount of necking between the larger drops, which subsequent­ly broke away to form the satellite droplets. 
	In the case of FM-4 fuels, a continuous string of drops inter­connected by fuel filaments was observed. This type structure is typical for a viscoelastic fluid as noted earlier. 
	With FM-9 fuel, droplets were produced which appeared similar to those of FM-4 fuel in that they were joined by filaments during the early part of their fall. As Faul noted,62 
	"On emergence from the capillary an elongated droplet formed which flowed into more discrete droplets as it moved downwards, eventually accelerating and forming a filament behind it. As the droplet fell away the filament stretched until it parted, exhibiting elastic behavior; the upper part of the broken filament re­coiled into the next droplet forming above it. Some­times the shock of the recoil would be enough to detach this next droplet from its string prematurely. ... This behavior suggests that FM-9 fu
	The flow of liquid through the long capillary prior to ejection would be expected to cause each fuel, but particularly FM-9, to experience an appreciable shear strain rate and thereby precondi­tion the fuel issuing from the capillary tip. Subsequent shear and/or elongation of the liquid as it fell away from the tip could then readily force the liquid into the gel-like shear induced structure noted above. 
	This situation examined by Faul and another by Sarohia and Landel,64 represent the only known cases where elastic effects of FM-9 fuel have been clearly observed. 
	Additional tests conducted by Faul consisted of atomizing Avtur and AM-I, FM-4 and FM-9 fuels with an airblast atomizer. The neat Avtur broke rapidly into small sized drops. The FM-4 fuel tested under the same conditions showed long strings of 
	103 
	fuel pulled out from the atomizer; these remained intact for about 25-50 rom, even under relatively high blast pressures. The AM-I fuel behavior was analogous to that of FM·-4, except the filament formation tendency was even more pronounced. The FM-9 fuel behavior was more like Avtur but with the resulting drops being larger and less spherical. Faul co~mented:62 
	"Examination of cine-film clearly shows that FM-9 fuel is firstly drawn out of the atomizer jet by the air flow and then torn apart to form lumps of fuel varying in size and shape, suggesting that under these con­ditions the fuel has a form of shear-induced structure. This behavior is also shown to a certain extent in the work on droplets where the FM-9 fuel droplets suddenly break from their associated filaments; but unlike the results from the droplet work there appears to be no elastic recoil or stringin
	These observations further support the working hypothesis that FM-9 breakup depends significantly on its shear induced nature (but not to the exclusion of tensile effects). 
	The investigations of Sarohia and Landel also included jet and drop breakup of neat Jet A, and solutions of AH-l and FM-9 (with carrier fluid) in Jet A. These jets were injected into moving airstreams. Their results generally confirm the findings of Faul. They confirmed for jets that the most suitable (i.e., fastest growing) wavelength for neat Jet A and FM-9 fuels is approximately 4 to 5 times the jet diameter, as is expected from the Rayleigh criterion. Such wave growth was observed to be almost completel
	64 

	Sarohia and Landel also carried out pendant drop tests in which a large drop was allowed to fall under the action of gravity, while being attached by a filament of the liquid to a wetted capillary tip. The purpose of this test was to determine experimental values of the elogational viscosity of FM~9 fuel, which they did. In the process of making these measurements they also observed filament rupture and elastic recoil of the broken filament back to the adjacent droplets. 
	An interesting feature of this configuration was that the measure­ments were carried out under conditions which might be expected to 
	104. 
	reasonably simulate those occurring in the actual breakup ot fila­.ments. Some consternation arises, however, in that filament forma­.tion seems to be a rare occurrence in the observed breakup of. FM-9 fuel. Nonetheless, it appears that as a scheme for tensile. viscosity measurement, this approach or some adaptation of it. represents one of the few feasible techniques known.. 
	The previous investigations essentially exhaust the available 
	information on fundamental breakup studies of antimisting fuels. There are, however, two other qualitative breakup features which 'result from observations of the FAA Wing Fuel Spillage tests and 
	the full-scale crash tests which should be noted. 
	In the case of the Wing Fuel Spillage test configuration located at the FAA Technical Center, liquid breakup of jets is expected to occur in a manner indicated schematically in Figure V-4. Especially note that Taylor breakup is expected to occur in the leading edge of the aerodynamically deformed fuel jet. Videotape records of individual tests conducted with this test rig show the cell-like structure expected for Taylor breakup and support the hypothesis that this breakup mechanism is operative in these tes
	Similarly, videotape/photographic records of the full-scale crash 
	tests that have been conducted at Lakehurst, N.J. indicate an 
	analogous cell-like structure. This indicates that Taylor breakup 
	is operative in the dispersal of antimisting fuels in full-scale 
	crashes. 
	In both of these cases where Taylor breakup cells are identified, 
	it will be recognized that the cell structure is not a long-term 
	steady-state type phenomenon, but rather tends to fluctuate with 
	time during actual tests. These fluctuations are characteristic 
	of the phenomenon, and some sort of average over their range 
	(perhaps together with estimates of the extremes) represents a 
	reasonable expectation in accounting for their role in antimisting 
	fuels breakup. Accounting for these phenomena quantitatively 
	represents a challenge for future endeavors. 
	It is relevant to note that of the various other test configura­
	tions which have been or are being used in connection with anti­
	misting fuels spray and flammability evaluation, none are known 
	to have been characterized in terms of the fuel breakup achieved. 
	In view of the extreme sensitivity of ignition energy require­
	ments to spray droplet sizes (discussed elsewhere in this report) 
	which has been discovered recently, it appears that some degree of 
	droplet size characterization deserves further attention. Particu­
	lar attention to this feature is recommended for the full-scale 
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	tests, the fAA Wing fuel Spillage rig, the FAA small-scale flam­mability rig, and the Spinning Disc rig (at Southwest Research 
	Institutel·* 
	From the nature of the phenomena involved, it is apparent that results from simple engineering tests of the type represented by the drop test at Southwest Research Institute can hardly be expected to yield information that will be useful for extrapola­tion, yet may still be somewhat reliable qualitative indicators of fuel flammability performance in the tested configuration. The crudeness of the tests gives little confidence that agreement which may be achieved upon extending results to other configura­tion
	LIQUID BREAKUP MODEL. 
	The incorporation of relevant breakup mechanisms and phenomena into an analytical model with the capability to calculate the resultant droplet sizes produced by the aerodynamic breakup of liquids has been accomplished only in recent years. One existing model of this type was located under the present effort. This model treats the aerodynamic stripping breakup of a Newtonian or 
	(selected) non-Newtonian liquid injected into a subsonic airstream, accounts for primary, secondary and higher order breakup, and characterizes the complete resulting size distribution on a number and a mass basis. While moderate extensions of this model are necessary to make it fully applicable to antimisting fuel testing and analysis, current information indicates that this model is an excellent candidate for this type of modification. More importantly, once such a model is aligned with selected experimen
	The subject model is an outgrowth of Mayer'sl capillary wave 
	stripping model for estimating both stripping rate and droplet 
	size. Mayer considered the airflow to induce small capillary 
	waves (instabilities) on a liquid surface. When such a wave grows 
	to an amplitude comparable to its wavelength, A, the wave crest 
	is envisioned as being eroded as a ligament, which then breaks up 
	into droplets. 
	* The new test c('nfiguration at the Jet Propulsion Laboratory is being fittpd with a droplet size determining capability. 
	107 
	Adelberg,7l extended this model to incorporate the effects of aerodynamic forces as well as capillary (surface tension) forces. For an airstream moving parallel to the liquid surface, the aero­dynamic forces operate mostly in a direction normal to the local average velocity of the liquid jet, as indicated earlier in con­nection with oscillatory type breakup of jets. The corresponding wind driven waves are referred to as acceleration waves. 
	70 

	The model was further extended by Andersen and coworkersto account for primary, secondary and higher order breakup on the final droplet size distribution produced by stripping breakup 
	46 

	of the liquid. The aerodynamic surface stripping of a liquid produces particles of various sizes, and the larger particles undergo further stripping to a stable size during their drag de­celeration. This secondary breakup process also involves momentum balance between the various size classes. Emphasis here will be placed on summarizing the model equations for primary breakup; secondary breakup involves the same concepts, so nothing funda­mental is omitted. 
	The meanings of various symbols used in this model are indicated in Table V-l. 
	The mass of liquid stripped aerodynamically from a liquid surface in a differential wavelength range between A and A + d\ per unit area per unit time is given by 
	MdA = K P A~~' (12)
	2 Q, 1 
	where K2 is a proportionality constant whose value is near unity. T is the time required for a relative wind to form 
	The quantity 

	and break a wave of wavelength A from a liquid surface. It is 
	given by 
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	TABLE V-I. BREAKUP MODEL NOMENCLATURE. 
	a 
	a 
	a 
	A 
	wave 
	acceleration parameter 

	A, 
	A, 
	B 
	= 
	Wavelength parameters 

	CI 
	CI 
	Dimensionless 
	constant 

	C2 
	C2 
	Constant parameters 

	Cd 
	Cd 
	Drag 
	coefficient 
	(dimensionless) 

	d 
	d 
	Liquid droplet diameter 

	D. J 
	D. J 
	Initial diameter of drop 
	or 
	jet 

	e 
	e 
	Dimensionless parameter 
	that relates maximum wavelength 

	TR
	to 
	the 
	liquid diameter 

	E 
	E 
	A wavelength parameter 

	f 
	f 
	= 
	A wind 
	forcing parameter 

	F 
	F 
	Dimensionless 
	constant 
	that determines 
	the 
	diameter of 

	TR
	a 
	droplet produced by 
	the 
	breaking of 
	a 
	wave 
	with 
	wave­

	TR
	length 
	A 

	TR
	Viscous 
	retarding parameter 

	TR
	Dimensionless 
	stripping 
	constant 

	TR
	Dimensionless 
	mass 
	stripping 
	constant 

	TR
	= 
	Wavelength of 
	a 
	wind-induced 
	wave 

	TR
	TH
	Figure

	Wavelength values 
	over 
	a 
	wavelength 
	increment 
	(A 2 
	-AI). 

	TR
	Also, 
	Al 
	= 
	Amin' 
	A2 
	= 
	Amax 

	A max 
	A max 
	= 
	Maximum wavelength that on a liquid surface 
	can 
	be 
	induced 
	by 
	a 
	given wind 

	A .mln 
	A .mln 
	= 
	Minimum wavelength a liquid surface 
	that 
	can 
	be 
	induced by 
	a 
	given wind 
	on 

	TR
	Mass 
	stripping 
	rate 
	per 
	unit 
	area 
	of 
	liquid 
	(gm/cm2 
	-
	sec) 

	n 
	n 
	Exponent of viscosity 

	~ 
	~ 
	Droplet formation rate (droplets/cm2 -sec) 
	per 
	unit 
	area 
	of 
	liquid 

	t 
	t 
	Time 
	(sec) 

	t b 
	t b 
	= 
	Liquid breakup 
	time 
	(sec) 

	u 
	u 
	Air 
	(wind) 
	velocity 

	v 
	v 
	Liquid velocity 

	V 
	V 
	= 
	Relative velocity between 
	a 
	liquid and 
	an 
	airflow 

	TR
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	TABLE V-l. BREAKUP MODEL NOMENCLATURE (Continued) 
	S = Sheltering parameter of a wind-induced wave (dimensionless) y Shear rate of a liquid while undergoing stripping (sec-i) n = Shear viscosity of liquid 
	= Gas (air) density 
	= Liquid density 
	= Liquid surface tension . T Time required for a relative wind to form and break a wave of wavelength A from a liquid surface (sec-) 
	l 

	110. 
	g = a = 
	(15 ) 
	(16) 
	The drag coefficient Cd is given in terms of the Reynolds number 
	P VD. 
	gJ
	Re = (17) 
	n 
	g 
	by 
	27(Re)-O.84 
	= 

	for o 0,< Re <80
	Cd 
	.271(Re)O.217 
	for 
	80 
	< 
	Re 
	< 
	10
	4 
	(18)

	= 
	4 
	=2 for 10<Re. 
	Integrating expression (12) using (13) gives the mass flux M of liquid droplets (gm/cm-sec) stripped from the liquid surface by the aerodynamic growth and breaking of waves with wavelengths between Al and A, (A > AI)' 
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	B= A+aA · (22)
	22 
	I Al is to be considered the minimum wavelength wave, AminI induced on the liquid surface. This is given by the smallest positive root of the equation 
	In evaluating expression (19) 

	2 2f 2g
	= (23)
	(A + aA)1/2 -~. The maximum wavelength, A is currently given by*
	y T 
	2

	I 
	max 
	(24)
	Figure

	It 
	max 
	The smallest wavelength waves formed by stripping are eroded from the liquid surface at a finite shear rate y. Unfortunately, the value of this term is not known a priori, nor is the shear dependent viscosity n(y) in the parameter g, for a non-Newtonian liquid. To T equal to TC is evaluated using equation (11) given earlier, i.e., 
	circumvent this situation a critical value of 

	Figure
	(25). 
	This permits a solution to be obtained for Amin from expression 
	(23) • 
	By dividing the total wavelength range Amin to Ainto zones, the corresponding mass of droplets in each zone can be obtained from (19). The droplet diameter d corresponding to a wave of wavelength A is given by the simple proportionality 
	max 

	d = FA. (26) 
	* This expression represents a modification introduced recently to obtain better agreement with small jet breakup results. 
	Thus by solution of the preceding equations, the mass-size distri­bution of droplets stripped from the liquid surface can be calcu­lated. Likewise, corresponding expressions exist to enable calculation of the frequency distribution. 
	It is apparent that the model is not fully predictive, but is phenomenological and requires that certain parameters be estab­lished to align predicted results with experimental findings. On the basis of previous work with the model, approximate values of these parameters are known, so this alignment process is usually rather straightforward. The fact that the model is phenomeno­logical in nature greatly simplifies its mathematical details. Only the most important variables affecting liquid breakup need to b
	A computer coded form of this complete model has been put on-line (separate from this program) and exploratory runs for Newtonian liquids have been made to indicate its potential usefulness in antimisting fuels correlations. 
	An example of a mass-size distribution obtained experimentally for hot wax in a hot gas stream by Weiss and Worshamis shown in Figure V-5. The solid curve is the complete distribution predicted with the model. 
	45 

	In this example the model was matched to the experimental data at a mass-median diameter (MMO) of 70 wm. The predicted shape of the distribution results directly from the built-in uniform probability density over wavelength for wave formation. 
	The model was also used to calculate the expected mass-size distributions for neat Jet A fuel injected contrastream into a free airflow at different relative air velocities. The parameters adopted in this case apply to the FAA Spray Flammability Test Apparatus, but the calculated distributions do not include effects of spray impaction on the walls of the breakup chamber. This impaction is expected to be a function of droplet size, spray geometry, and fuel tested. In this case the model was aligned using a s
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	Further calculations were made for neat Jet A in the same configur­ation to explore the sensitivity of the Spray Flammability Test Apparatus to pressure (and hence relative air-to-liquid velocity) decay during the course of single test runs. The basic informa­tion on pitot tube dynamic pressure decays and velocity decays determined experimentally at the FAA Technical Center were supplied by A. Ferrara. Simplified traces of the dynamic pressure decays for three air tank pressures are shown in Figure V-7, tog
	The corresponding mass-size distributions for the beginning, mid­point, and of each of the test runs are shown in Figures V-8, V-9 and V-IO. The relative velocities used in these calculations take into account the liquid injection velocity of 0.6 m/s. Since the air velocities change only slightly during the short time required 
	for liquid breakup to occur, the instantaneous velocity at each 
	time of interest was assumed to be constant for purposes of break­up computations. 
	The results shown in Figures V-8 through V-IO suggest that the size distribution changes during a single run may not be very signifi­cant for neat Jet A. This finding may not apply to tests conducted with antimisting fuels. 
	Application of the model in an illustrative sense to a full-scale 
	crash test has also been made and these results are presented 
	elsewhere in this report. The reader is cautioned not to place 
	much credence in the results of calculations for that case, even 
	though secondary breakup is taken into account, since the effects 
	of Taylor breakup were not included. 
	The model is used in a final example to account for certain droplet breakup behavior actually observed in a configuration where sprays of FM-9 fuel were tested. ,67 While this single example does not confirm the utility of this model in treating the breakup of a non­Newtonian liquid, we believe it is informative. Application of the model to this case has also led to findings which would be very difficult to ascertain otherwise. 
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	The tests of interest are those conducted by Eklundand Eklund 
	60 

	and Coxin which a small scale test configuration was used to 
	67 

	form sprays of 0.3% FM-9 in Jet A. The FM-9 fuel was ejected 
	through a 1/4 inch diameter tube (assumed to be 0.493 cm 1.0.) 
	costream into air flows of 200 mph and 285 mph in separate tests. 
	Photographs were taken of the resulting drop sprays approximately 
	II-inches downstream from the liquid injection point. 
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	For purposes of calculations, the values of parameters assumed and used here are those given in the following table. These various quantities are defined in Table V-l, given earlier. 
	ASSUMED PARAMETER VALUES 
	Temperature (Fuel and Air) T = 75°F = 23.9°C 3
	P= 1.189 x g/cm
	10-
	3 

	g 11 = 184 x poise
	10-
	6 

	g 
	3 
	= .807 g/cm
	P£ = 30 dynes/cm
	o£ 
	D. = .493 cm 
	J C, = 2.0 
	Q 
	The apparent viscosity of the treated fuel is determined using a standard reduction technique29 and the shear stress versus shear strain rate curve through points determined experimentally by Mannheimer. 63 The resultant shear-strain rate dependent viscosity is shown in Figure V-ll. The lower critical shear strain rate point on this curve is taken as 3100 sec-l (as determined by Peng66 ) and the upper or second critical point (determined by Mannheimer63 ) is taken as about 8000 sec-. For breakup, however, t
	l 
	l 
	l 

	The general nature of the shear strain rate (y) behavior of wind­induced instabilities of wavelength A during stripping breakup of a Newtonian liquid are shown in Figure V-12. This is a plot of equa­tion (23) for a Newtonian viscosity of 0.0298 poise and for different values of A. Since the time T required for the relative wind to form and break a wave of wavelength A from the surface of the jet is in­versely related to y, the wavelengths for which values of yare the largest break more quickly than near the
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	FIGURE V-II. SHEAR VISCOSITY OF 0.3% FM-9 IN JET A (FROM DATA OF REF. 63) 
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	extremities of the curve. That is, the central wavelengths break first to form drops. The growth of short wavelength waves is retarded by viscous effects, whereas the growth of long wavelength waves is slowed by inertial effects. 
	The line with a scale emanating from the maximum of the curve indi­cates the locus of maxima of the curves corresponding to different viscosities~ Since the shape, scale or orientation of the curve does not change appreciably when shifted in the Y-A plane shown, a viscosity scale along the locus of maxima indicates the position of the maximum of a curve of a given viscosity. 
	The second line through the maximum of the curve indicates the locus of points of curves corresponding to different relative wind velocities. Points along the line for ~ values greater than the maximum of the curve apply to larger wind velocities than that for the curve shown. 
	The shear rate-wavelength behavior for the non-Newtonian FM-9 fuel 
	involves additional considerations. The curve of Figure V-12 is 
	based on the assumption that waves of different wavelengths grow and break independent of one another. In the case of a 
	dilatant liquid, in particular, such as FM-9, this independence 
	assumption needs to be tested. Currently available information 
	on polymer treated fuels is inadequate to examine this issue, 
	but this topic should be given consideration in future investiga­
	tions. 
	The crux of the matter hinges on whether the fastest growing waves 
	shear the entire surface layer of liquid exposed to the wind and 
	hence increase the viscosity of this entire layer. If this occurs 
	then the shorter wavelength disturbances generated on this surface 
	might be expected to grow at a rate determined by the peak shear 
	rate induced viscosity. On the long wavelength side of the fastest 
	growing wavelength, some intermediate viscosity between that of the 
	surface layer and that at a greater depth within the liquid may 
	govern the wave growth. 
	The other extreme is that independence of growth of different wave­lengths is maintained. In this case, the locus of possible shear states over wavelength can be determined by treating each point below the second critical point on the curve of Figure V-II as if it were on a separate Newtonian viscosity curve at that shear strain rate. 
	When the wind driving force is adequate to shear FH-9 fuel at a rate in excess of the second critical rate, the shear rate-wavelength 
	124. 
	behavior is essentially as if the liquid was near Newtonian. It is apparent, however, that a lower shear rate discontinuity exists at the value of the second critical point. As the maximum shear rate increases above this critical value, the peaks of the fixed vis­cosity Newtonian curves follow the upper dashed line. When the shear rate forces breakup to occur in this upper region and the time available is sufficiently long, all the liquid so sheared will break up in that region. That is, part of the liquid 
	The two shear rate-wavelength curves (expressed in terms of drop size rather than wavelength by use of relation (26) with F ~ 0.08) are shown in the upper region in Figure V-13. The lower curve is for a viscosity of 0.0298 poise; the upper (which is viscosity shifted) is a composite curve for a viscosity of 0.050 poise. These curves are self-consistent with each other, with the viscosity-shear rate values of Figure V-II, and with the breakup model. The location of the curves has been chosen so the model res
	V = 200 mph V = 285 mph From From From From
	Drop Size Limits 
	Curves Photos Curves Photos 
	~m 90 ~m 52 ~m 50 ~m 
	Lower 86 

	Upper 330 ~m 350 ~m 540 ~m 500 ~m 
	As can be seen, the agreement is not perfect, but it is remarkably 
	close. It should be noted that this is not a comparison of pre­
	dicted values with experiment. Rather, it is a match of theory to 
	experiment in order to account for the experimental results. 
	There are several features of importance relative to this example. 
	1. The increase of the large drop size limit with increase of. relative wind velocity is abnormal. From equations (24) and (26). the model indicates, and experiment confirms, that this upper size. limit normally decreases with an increase in wind velocity. Here,. however, the model itself also accounts for this abnormality; the. latter arises from the discontinuity in liquid viscosity at the. second critical shear strain rate.. 
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	2. The model accounts for the breakup of the dilatant FM-9 fuel, with its peaked shear viscosity, using only shear viscosity con­siderations. In particular, the various effects indicated in this example and section do not indicate a need to invoke tensile or elongational viscosity to account for the breakup of FM-9 fuel. 
	(Tensile viscosity may still be important to flow and intentional degradation aspects of FM-9 fuel, to the breakup of other types of treated fuels, and to the breakup of FM-9 fuel under prestrained conditions.) 
	3. 
	3. 
	3. 
	The lower critical shear strain rate in the viscosity-shear rate curve is relatively unimportant insofar as representing a location where significantly different breakup effects begin to occur. The second critical shear strain rate, on the other hand, is quite important to breakup. Both actually represent key rheo­logical parameters to be measured for 'a dilatant-type fuel. The upper parameter can serve to determine the drop size limits pro­duced during liquid breakup. 

	4. 
	4. 
	The shear rate-wavelength behavior in the shear rate region below the second critical point is not well known at present for treated fuels, in view of uncertainties centering around wavelength independence of wave growth. This is a question of both theoretical and practical interest, as the small size portion of the spray drop spectrum is influenced by this result. This drop size regime, in turn, has a significant influence on spray ignition and flame propagation. It is expected that breakup phenomena in th


	A final consideration before closing this example is how this ex­planation fits with the expected results obtained with other percent­age loadings of FM-9 in Jet A fuel. Penghas determined that the lower critical shear rate decreases with concentration increase according to the sequence: 6000 s-l, 3100 s-l, 2000 S-l and 700 S-l, corresponding to the respective concentrations 0.2%, 0.3%, 0.4%, and 
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	0.8% of FM-9 with carrier fluid in Jet A (at 75°F). While values of 
	the second critical shear rate are not known to have been measured 
	as a function of concentration, it is expected that these values 
	should increase as the concentration increases. Then, for a given 
	air-to-liquid driving force, a sequence of increasing value of the 
	critical shear rate would cut the shear rate-wavelength (or drop 
	size) curve at successively higher values. The corresponding droplet 
	size spectrum expected for breakup in the upper shear region would 
	narrow, and the overall fire resistance of the fuel should improve. 
	This trend of improved fire resistance with increased value of the second critical shear rate has actually been observed and reported by ~1annheimer63. He found that by introd-ucing a suitable surfac­tant, both the lower and upper critical shear rate increasedw The ignition resistance of the surfactant treated material was signi­ficantly improved over the 0.3% FM-9 treated Jet A without surfac­tant. The fact that the lower critical shear rate increased apparently had little effect--as one might now expect. 
	Further calculations for the purpose of data correlation of anti­misting fuels were not made during this effort. There are several reasons for this. First, the computer model does not presently contain the physical model for Taylor breakup. This omission does not influence the results noted above for small jets as the Taylor breakup mechanism is not operative in these cases. Second, the 
	existing data base of information on antimisting fuels appears 
	inadequate regarding drop-size spectra produced in representative 
	tests and weak in consistent rheological properties of the candi­
	date antimisting fuels of interest. In absence of the latter, the 
	adequacy of the model to account for the rheological behavior of 
	various candidate antimisting fuels is not well known. The com­
	bination of data indicated could be used to ensure sufficiency of 
	the model in terms of both rheology and breakup. 
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	VI. CONCLUSIONS. 
	1. 
	1. 
	1. 
	The ability of ce.rtain antimisting fuels CAMF'sl to minimize the post-crash fire hazard is amply supported by accumulated test data. Full-and large-scale crash simulations are highly developed, and provide essential credibility and data on a given AMF near the end of its evaluation cycle. However, the unavoidable complexity and expense of large-scale testing precludes its use in the screen­ing of all AMF formulations and their iterations. 

	2. 
	2. 
	Small-scale flammability test rigs developed for screening AMF's have advantages of simplicity, high data production rate, and relatively low initial and operating costs. The data base each test rig generates is generally self-consistent and repeatable. 

	3. 
	3. 
	Results from the various small-scale flammability test rigs generally agree where there are substantial differences between fuels; e.g., when comparing (I) neat Jet A with an AMF, or (2) a marginal AMF with a very effective one. This is to be expected, since, in the development of a given fire test rig, intuitive as­pects of the design are often adjusted based on the performance of neat fuel and "known-effective" AMF's--in effect, using these fuels as informal standards. The assumption is that wake flames o


	(or large-scale test). 
	4. 
	4. 
	4. 
	Small-scale flammability test rigs have given conflicting re­s'ults when comparing two AMP's lacking a wide differentiation in performance--one reversing the relative ranking of the other. Similar conflict between a small-scale and a large-scale flamma­bility rig has also been encountered--undermining the credibility of the small-scale rig involved. It is not economically feasible to perform large-scale flammability tests every time two small­scale rigs conflict. The conclusion is evident that improvements 

	5. 
	5. 
	The basic problem in developing small-scale flammability test rigs for AMF is the lack of design criteria related to liquid breakup phenomenology and scaling. It is only recently that pre­liminary understandings and models of liquid breakup have emerged. It is possible that a "dynamic bias" may inadvertently exist in a 


	given small-scale test rig; i.e., its peculiar combination of flow, ejection, and/or breakup dynamics may affect some AMF candidates more adversely than others--compared to their large-scale rankings. 
	6. Various AMF's have significantly different breakup character­istics; e.g., relative sensitivity to shear versus elongational strains and stresses. In addition, sensitivity to flow and pres­sure history prior to ejection can vary markedly between AMFis. It is concluded that each AMF must be thoroughly examined as to its rheological behavior under the flow and breakup conditions imposed by the flammability test rigs. 
	• 
	7. 
	7. 
	7. 
	Based on the work presented in this report, it is now feasible and most effective to exploit current liquid breakup technology and appropriate particle measuring instrumentation in order to (a) quantitatively characterize the liquid breakup products of flam­mability test rigs of interest, and (b) relate the dynamic physical characteristics of a given test rig to the phenomena and products of liquid breakup. It is concluded that a semi-empirical model which addresses both large-and small-scale liquid AMF bre

	8. 
	8. 
	On the basis of successful liquid breakup characterization, combustion technology and related semi-empirical models can be utilized to quantitatively relate the combustion responses of small­scale flammability test rigs and their related pass/fail criteria to large-scale fireball evaluations and criteria. 
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