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* obtain cafety evaluation criteria, end to evaluate the safety performance of emulsifted and gelled

aviation fuels in a simulated full-scale crash environment. A series of screening tests was formu-
lated end conducted to obtain fuel characteristics as a function of hot-surface ignition, wind shear,
end impact dynamics associated with fuel breakup, atomization/dispersion, and ignition. The d&ta
obtained from these. screening tests were used to establish emulsified fuel safety evaluation criteria.
A simulated full-scale experiment was designed to simulate the full-scale helicopter crash environment
adequately and, in addition, to he reproducibly controllable at minimal cost.

The screening tests revealed that, for the emulsified fuels tested, safety was directly dependent upon
the fuel yield stress and its internal phase base fuel.- The screening test data followed the expected
trends within the data scatter associated with the type of tests conducted. A safety evaluation cri-
terion was established its terms of an ignition suscept.ibility parameter which was shown to be related
to an empirical equation containing fuel properties. -The data obtained from the simulated full-scale
tests provided definition of a nonhazardous limsiting value for the ignition susceptibility parameter.,
This allowed the screening test results tq .ascam~..maningful in predicting the performance of emulsi-
fied fuels under actual crash conditions.-r~urther, tests were performed on gelled fuels to offer a
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Three of the emkulý_ified fuels tested were found to result in a nonhazardous postcrash fire: tI) EP8R-
104il emulsion, MY EFR-104 emulsion, and t~~f Jet-A EXP-4 emulsicn. The gelled fuels did not perform
as well as the emulsified fuels; however, one gel, Jet-A gel #1, indicated a sizeable advantage over
liquid fuels.

In summay, the results of this program confirmed that aircraft fuel emulsions can be form~ulated which
are nonhazardous within the helicopter survivable crash limit envelope."~ reproduced during the con-
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safety. This work was arcomplished in the belief that fuel emulsions,
because of their non-Newf onian characteristics, would provide an in-
creased margin of safety in the aircraft flight and crash environments.

The purpose of this effort was to qualitatively evaluate the per-
formance of emulsified fuels under realistically reproduced aircraft
crash conditions. A series of laboratory tests was conducted in which
the performance of fuels under dynamic conditions was observed. Based
on these observations, a fuels susceptibility parameter was established
as a means of predicting a fuel's behavior in the crash environment.
Sixty full-scale fuel cell impact tests subsequently proved the validity
of the susceptibility parameters. In addition, the Impact tests con-
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ABSTRACT

A comprehensive test program was conducted to establish emulsi-
fied fuel screening test procedures, to obtain safety evalua-
tion criteria, and to evaluate the safety performance of emul-
sified and gelled aviation fuels in a simulated full-scale
crash environment. A series of screening tests was formulated
and conducted to obtain fuel characteristics as a function of
hot-surface ignition, wind shear, and impact dynamics associ-
ated with fuel breakup, atomization/dispersion, and ignition.
The data obtained from these screening tests were used to estab-
lish emulsified fuel safety evaluat:on criteria. A simulated
full-scale experiment was designed to simulate the full-scale
helicopter crash environment adequately and, in addition, to
be reproducibly controllable at minimal cost.

The screening tests revealed that, for the emulsified fuels
tested, safety was directly dependent upon the fuel yield
stress and its internal phase base fuel. The screening test
data followed the expected trends within the data scatter
associated with the type of tests conducted. A safety evalua-
tion criterion was established in terms of an ignition suscep-
tibility parameter which was shown to be related to an empiri-
cal equation containing fuel properties. The data obtained
from the simulated full-scale tests provided definition of a
nonhazardous limiting value for the ignition susceptibility
parameter. This allowed the screening test results to become
meaningful in predicting the performance of emulsified fuels
under actual crash conditions. Further, tests were performed
on gelled fuels to offer a comparison between the safety of
emulsified and gelled fuels.

Three of the emulsified fuels tested were found to result in a
nonhazardous postcrash fire: (1) EF8R-104H emulsion, (2) EF8R-
104 emulsion, and (3) Jet-A EXP-4 emulsion. The gelled fuels
did not perform as well as the emulsified fuels; however, one
gel, Jet-A gel #1, indicated a sizeable advantage over liquid
fuels.

In sun•nary, the results of this program confirmed that aircraft
fuel emulsions can be formulated which are nonhazardous within
the helicopter survivable crash limit envelope as reproduced
during the conduct of this evaluation.
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INTRODUCTION

A significant number of injuries and fatalities that occur in
light aircraft accidents are a result of postcrash fire, be-
cause the aviation fuels presently being used are readily dis-
persed, atomized, and ignited, resulting in extensive fire
envelopes over damaged aircraft. Various approaches to this
problem are being investigated. Included are:

* Component/system improvements to upgrade the functional
performance of all flammable fluids systems in the
crash environment.

* Inerting systems that sense the imminence of a crash,
then actuate integral devices to prevent ignition of
postcrash fires by curtailing the fuel supply, de-
energizing the host of potential electrical ignition
sources, cooling hot surfaces, and/or releasing agents
which will make the ambient environment incapable of
supporting combustion.

* Fuels technology research devoted to identification of
fuels that possess properties less conducive to crash
fire ignition and propagation.

This report details an extensive effort that was made in the
fuels technology area.

A recognized method for decreasing postcrash fire casualty
rates is to decrease the susceptibility of aircraft fuel to
disperse and atomize. This can be achieved by the .use of
thickened fuels such as emulsified or gelled fuels. The thixo-
tropic nature of emulsified fuels embodies a decreased tendency
to flow after crash-induced fuel system failures. The viscous
nature of gelled fuels also tends to decrease flow after crash-
induced fuel system failures. For these types of fuel, less
fuel is released for burning. Also, fire propagation is re--
tarded through the resistance of the emulsified and gelled
fuels to break up and atomize during exposure to shearing
forces such as wind shear and surface impact.

Various fuel emulsions and gels have been formulated and manu-
factured that possess the basic viscous properties desired.
Outwardly, these fuels all possess desirable traits from a fire
retardation standpoint. Research over the past several years
in modifying liquid fuels has proven the feasibility of manu-
facturing fuels without degrading their combustion efficiency
in operating turbine engines.



Before any modified fuel can be designated as a safe fuel for
aircraft, it is necessary to identify the individual combusti-
bility characteristics. This will facilitate selection of
optimum candidate fuels that are worthy of consideration and
further refinement.

A good way to a..complish this goal is to establish a set of
rules, i.e., criteria, which, when applied equally to any
modified fuel, will assess its safety performance. Such cri-
teria must evolve from both laboratory and full-scale testing
under conditions that close'.y simulate the actual crash en-
vironment in a realistic and repeatable manner.

The purpose of the test program reported herein was to devise
emulsified fuel screening test procedures, establish fuel
safety evaluation criteria, and conduct a comprehensive, simu-
lated full-scale, fuel tank impact test effort to define emul-
sified fuel performance in a helicopter crash environment.
Simulated full-scale tests were also performed for two gelled
fuels. The program entailed design and construction of labora-
tory facilities which were then utilized to test and study
emulsified fuels under simulated crash environments. These
tests involved fundamentals tests resulting in basic fuel char-
acteristic data which were used primarily to guide the perfor-
mance of simulated postcrash environmental testing. The fuel
fundamentals tests consisted of (1) nozzle shear tests to help
define the breakup of emulsified fuels as a function of input
kinetic energy and (2) hot-surface ignition tests to define the
ignition characteristics of the fuels. The postcrash environ-
mental tests consisted of wind shear tests to simulate fuel
spillage from a moving, crashed aircraft and impact dispersion/
atomization tests to sirulate fuel impact on surrounding sur-
faces in a crash environment.

Full-scale tests are desirable to define the crash environment
effects on the dispersion and ignition of a fuel and to deter-
'aine a postcrash fire hazard limit associated with the above
screening test results. Unfortunately, it is probably finan-
cially prohibitive to test enough cases to adequately cover the
range of test variables. Therefore, tests were designed to
simulate the actual full-scale crash environments which a heli-
ccpter fuel tank experiences during a crash impact. These
tests were conducted at a large enough scale to adequately rep-
resent the full-scale crash environment and still provide an
economical test program.

This report describes the tast methodology used for the program
and presents the results obtained therefrom. Analytical con-
siderations, the test results, and the resultant safety evalua-
tion criteria are presented herein. Recommendations and areas
requiring further research are also discussed.
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The actual safety that a particular fuel displaycq can best be
determined by full-scale crash testing. However, with the
advent of many different fuel compositions and flammability
characteristics, the amount of full-scale testing to determine
safety criteria covering all such fuels is economically pro-
hibitive. If a scaled-down or screening test program can be
formulated to obtain safety criteria involving the basic fuel
characteristics, the ability to screen out undesirable fuels
(from a fire-hazard standpoint) can be obtained inexpensively.
Although the results of such testing may not offer the actual
ability for a fuel to be designated "safe" in a postcrash en-
vironment, such results will determine the fuel formulas and
characteristics which perform in the most optimum manner. With
these safer (from a screening criterion standpoint) fuels,
fewer scaled-up tests can be performed with a great decrease
in the funding involved.

Some fuels will perform better than others in the poatcrash
environment. Therefore, the purpose of screening tests is to
eliminate potentially hazardous fuels from further investiga-
tion.

To study screening test procedures and obtain safety criteria
for investigating emulsified fuels, a systematic step-by-step
program was formulated to study the emulsified fuel character-
istics under simulated postcrash fire environments. The re-
sults of the screening tests were then used to determine safety
criteria to measure the performance of emulsified fuels.

Although the screening test results offer an approach to de-
termining a safety evaluation parameter for emulsified fuels,
the actual value of such a safety parar ter which represents a
safe limit must be determined from full-scale or simulated
full-scale environmental tests. With the determination of this
safety limit, further screening tests can be related to the
full-scale crash condition.

As with any criteria, a baseline must be determined. The ob-
vious choice was to use the performance of a standard pres-
ently used fuel. JP-4 was selected because of its extensive
use in Army aircraft. The existence of extensive postcrash
fire data on aircraft which use JP-4 was also considered in
this selection.

The overall program involved the conduct of three different
test series: (1) fuel fundamentals testing, (2) fuel environ-
.- ntal testing, and (3) simulated full-scale testing. The fuel
fundamentals tests were designed as an inexpensive method of
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determining basic fuel characteristic data to guide the design
and testinS of the fuel environmental tests. The fuel environ-
mental tests offered the development of safety performance cri-
teria which could be finalized and verified by the simulated
full-scale testing.

The fuel fundamentals tests were not designed to yield a
direct method for determining fuel safety criteria, but were
utilized to help correlate the results of fuel environmental
tests. Two types of fuel fundamentals tests were conducted:
(1) nozzle shear tests and (2) hot-surface ignition tests. The
nozzle shear tests provided basic emulsified fuel breakup data
as a function of the kinetic energy imparted to the fuel. The
hot-source ignition tests were conducted to measure the igni-
tion susceptibility of the fuels in contact with hot surfaces
as they might be exposed during the postcrash environment.
The test configurations, procedures, and results are discussed
in detail later in this report.

The mechanics involved in producing combustible mixtures of
fuel during a crash environment can be classified into two
areas: (1) wind shear during fuel tank spillage and (2) fuel
impact with surrounding environment. Accordingly, two types
of fuel environmental tests were designed and performed:
(1) wind shear tests and (2) impact dispersion/atomization
tests. The wind shear tests were designed to simulate over-
board spillage and, therefore, to show the effects of wind
shear energies imparted to the fuel escaping from ruptured
fuel lines and tanks during the deformation of a crashing air-
craft. The impact dispersion/atomization tests were designed
to simulate the fuel impact with surrounding crash surfaces
and the associated fuel dispersion and atomization.

With JP-4 as a standard baseline fuel, the comparison of the
test results obtained from modified fuels provides guidelines
on which safety evaluation criteria can be based. Here we
assume the JP-4 test results to be a maximum hazardous condi-
tion.

Previously established knowledge of screening test values of
"a safety performance parameter provides the means to determine
"a fire hazard limit based on the simulated full-scale test re-
sults. By using the full-scale data to correlate the results
of the screening tests, evaluative criteria can be formulated
that will qualitatively and accurately assess the safety per-
formance of a given fuel. Thus, the desired objective of re-
lating the screening test results to a full-scale crash situa-
tion can be accomplished.
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Simulated full-scale crash tests can be effectively scaled-up
to the full-scale situation, provided attention is given to de-
tailed simulation of the crash environment physics. This not
only reduces costs but allows a suitably controlled evaluation.
To simulate the full-scale crash environment, several condi-
tions must be met: (1) testing at a sufficiently large scale
to simulate the full-scale impact, dispersion, ignition, and
resulting fire environment; (2) conducting tests with impact
energy conditions which approximate the maximum crash survival
impact limit; (3) reproducing ignition sources that simulate
all potential ignition sources in a full-scale environment such
as electrical sparks, friction sparks, hot metal surfaces,
engine flaming, and residual flame sources such as those propa-
gating from oil spillage, etc.; and (4) testing fuel tank
structures that correspond to the full-scale fuel tank config-
uration.

The basic test procedure for the simulated full-scale tests
was to impact simulated helicopter fuel tanks, filled with
various fuels, onto a barrier which simulates terrain corres-
ponding to a full-scale impact environment. The fuel tanks,
each containing 13 gallons of fuel, were mounted on a sled
fixture and accelerated into the barrier. Each fuel tank was
constructed to simulate the tank structure of a typical U. S.
Army helicopter. A 65-ft/sec impact velocity with a 45-degree
impact was used in each test. Three types of igniters were
used to reproduce full-scale ignition sources: open-flame
igniters, spark igniters, and hot-surface igniters.
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ANALYTICAL CONSIDERATIONS

Accurate analytical solutions for the characteristics and com-
bustion processes involved for fuels in a postcrash environ-
ment are difficult to model for a liqui.d (or Newtonian fluid)
fuel and become prohibitive for the fuel properties character-
istic of emulsified fuels. However, basic analytical ap-
proaches exist which can be used to understand modified fuel
characteristics and to enhance their data reduction and corre-
lation when applied to the postcrash environment. Several
such analytical considerations discussed in this section are
characteristic of all postcrash environments.

RHEOLOGICAL CONSIDERATIONS

Solidified fuels, such as emulsified or gelled fuels, fall
under a non-Newtonian fluid classification. Several analyti-
cal models have been classified as the result of current and
past investigations( 1 ,2' 3 , 4 ). Three of these classifications
are the Bingham plastics, pseudo-plastics, and real plastics
(see Figure 1). Each of these is a departure from the
Newtonian fluid in that the shear stress can no longer be
related to shear rate as

T

where T is shear stress, p the viscosity of the fluid, and y
the shear rate.

Bingham Plastics have the characteristic that a yield stress
must be overcome before the fluid can flow. Once the yield
stress is exceeded, the material structure disintegrates and
behaves as a Newtonian fluid. The relationship between shear
stress and shear rate then takes on the following form:

"T-tyield - )p. (i)

where pi is the plastic viscosity or coefficient of rigidity.
Materiais composed of micro-visible particles and liquid drop-
lets suspended in a liquid medium contain these character-
istics.

Fluid structures such as gels, fluids with suspensions of
asymmetric particles, or solutions of high polymers can be
generally classed as pseudo-plastics. This viscoelastic
fluid model assumes no yield stress value as in Bingham
plastics, but the apparent viscosity, j , decreases pro-
gressively with an increase in shear rate. The value of 1a
approaches linearity and becomes g. as an infinite shear
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1. BINGHAM FLUID (IDEAL PLASTIC)

2. TYPICAL EMULSIFIED FUEL (REAL PLASTIC)

3. PSEUDO-PLASTIC

4. NEWTONIAN FLUID

C2

Ty -
4

SHEAR RATE

Figure 1. Shear Stress Versus Shear Rate.

rate is approached. The relationship between the shear
stress and shear rate is generally taken as

T = Kyn, (n <1) (2)

where K and n are constants and are the respective measures of
the consistency of the fluid and the degree of non-Newtonian
behavior of the fluid.

Emulsified fuels studied during this program are known to
exhibit traits which compare to a Bingham fluid model for low
shear rate values in that they possess a yield stress and are
thixotropic. However, the shape of the shear stress versus
shear rate curve (Figure 1), once the yield stress is over-
core, compares with that of a pseudo-plastic fluid model.
The resulting curve is like that associated with real plastic
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fluid models. It follows, then, that the relacionship between
shear stress and shear rate can be empirically formulated as

T - Tyield = Kin, (n <i) (3)

where, if Tyield approaches zero, the shear characteristics
approach a pseudo-plastic.

Although other empirical relations have been generated for non-
Newtonian models, these illustrate the general form and ex-
pected tendencies for such materials.

From data obtained from "capillary" tube viscometer studies, (5)
it is known that emulsified fuels follow a Bingham fluid model
for shear stresses below some critical value. Above the criti-
cal shear stress, the shear rate increases substantially,
finally becoming r.early linear with shear stress (see Figure
2). This behavior can be modeled initially by a Bingham
fluid which, on reaching a critical shear stress, reverts to
a Newtonian fluid ir possibly a pseudo-plastic fluid. U. S.
Army Fuels and Lubricants Research Laboratory researchers*
have determined in preliminary analyses that this critical
shear stress decreases with increasing yield stress, intro-
ducing the possibility that high yield-stress emulsified fuel
would be less stable. The amount of energy necessary to break
up an emulsified fuel should be a function of the difference
between the critical yield stresses. Therefore, if the yield
stress of the emulsion is increased and, in turn, the critical
stress is decreased, then the energy required to break up the
emulsion is decreased. U. S. Army Fuels and Lubricants Re-
search Laboratory researchers felt that this type of phenom-
enon may be a function of lhe fact that the fuel globular
diameter decreases with increased yield stress. As an emul-
sion is worked, the globular diameter decreases, increasing
the fuel surface area. As this process continues, an inade-
quate amount of water to form a water matrix results. The
breakdown in the matrix then accounts for the existence of the
critical stress.

IGNITION AND VULNERABILITY

The actual safety a fuel displays in a crash environment is
dependent on the ability of that fuel to not form combustible
fuel-to-air mixtures in the vapor phase. Ignition will not
occur unless certain fuel/air ratios are present, either in
the surrounding crash environment or in the tank ullage.
However, for fuel-air mixtures within the combustible range,
it is possible for safety to exist. This is .demonstrated by

*Personal communication
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Figure 2. Shear Stress Versus Shear Rate for
Emulsified Fuel.

the large increase in energy required for ignition for several
hydrocarbon fuels as illustrated in Figure 3.

The fraction of stoichiometry in Figure 3 can be converted to
fuel/air weight ratio by the relation

F/A = (Fraction) -(14n + 2)
(216n + 62) (4)

where n represents the carbon subscript associated with the
equation

Cn H2 n + 2 + (3n )0 + (6n + 2)N
2 +6n 2n22N2 2

nCO2 + (n + 1)H2 0 + (6n + 2)N 2 (5)

As illustrated in Figure 4, the fuel/air ratio terms shown in
Figure 3 are more meaningful. Therefore, to prevent post-
crash fire, it'is necessary that formation of combustible fuel/
air ratios does not occur and then, failing this, that insuf-
ficient ignition potentials are present.
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Figure 3. Critical Ignition Energy.

The interaction of properties and events leading up to an
ignition hazard are outlined in Figure 5. The governing param-
eters are fuel properties, crash kinematics, ignition hazards,
and ignition sources. Each element of Figure 5 can be charac-
terized by certain physical properties. For example, the fuel
properties are characterized by vapor pressure, viscosity (11),
surface tension (a), and yield stress (T). The crash kine-
matics can be characterized by crash configuration and input
kinetic energy to the fuel. Although the statistical nature
of a crash causes much difficulty, the fire hazard can be re-
lated to fuel properties even if the mechanism for formation
of ignitable fuel/air ratios is not understood. If an ignit-
able fuel/air ratio is not generated, no ignition source can
cause a fire hazard. Of special concern is how to determine
the generation of fuel/air ignition limits for emulsified
fuels. This demands testing to determine the fuel/air forma-
tion of emulsified fuels in postcrash environments.

If the formation of ignitable fuel/air ratios can be related
to emulsified fuel properties, the fire hazard can be mini-
mized by adopting emulsified fuels whose properties correspond
to limited fuel/air ratio formation. Further, the under-
standing of both fuel/air and dispersion mechanisms will sim-
plify the understanding of ignition sources. An electric or
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friction spark may cause fuel/air ignition, while heat sources
can create fuel/air ratios which, in turn, can be ignited by
spark or hot-surface sources.

The extent of atomization during a crash environment determines
the mean fuel droplet size, which determines, in turn, the fuel
vaporization rate and thereby governs the formation of fuel/air
ignition limits. Basically, the crash environment can be
divided into two mechanisms for atomizing and dispersing fuel:
(1) atomization due to wind shear (i.e., interaction between
spilled fuel and a moving airstream) and (2) fuel impact with
the surrounding crash environment.

The relationship between the mean fuel/air ratio and pertinent
parameters in a wind shear environment is quite complicated to
handle analytically. To simplify the analytical model, several
simplifying assumptions must be made and, even with this, some
empirical relations through data correlation are required. We
first assume that the mean fuel droplets are spherical and that
the formation of the droplets occurs at time zero. We further
assume that the vapor pressures and diffusion rates do not vary
between the fuels being studied. This, of course, is not the
case. The results, however, will offer expected trends regard-
ing the formation of fuel/a'r ratios in a wind shear environ-
ment which may be useful for data correlation. One further
assumption, which is correct for the wind shear tests pre-
senteO in this report, is that the fuel flow rate into the
airstream is held constant.

The volume of each droplet can be expressed as
d 3

Vn 2 (6)

where d is the droplet diameter. The total volume rate of
flow issuing into the airstream is then

0 F

V -= n VF PF n (7)

where W7 and p are the fuel flow rate and density and A is
the droplet foimation rate. The amount of vaporization and,
ini turn, the fuel/air ratio of a mixture of fuel droplets and
air are a function of the exposed fuel surface area. For one
droplet, the surface area is just

A = 4n (d) 2
An 2 (8)
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We can now show that the total surface area formed por second
is

3V
"n A

f (y) (9)

If we a'sume a time (t) which represents the exposure time in
which the flowing air and fuel droplets mix before they reach
the ignition source or, in test, the point of measurement,
then the total area of fuel exposed can be expressed as

(!q F 10)

For large formation distances (x), the exposure time becomes

x
Vair (11)

where V ir is the airstream velocity. Therefore,
0

6Vx

As = dV
air (12)

The fuel/air ratio can be expressed as

F/A = Volume of Vaporized Fuel
Volume of Air (13)

The volume of vaporized fuel will be some function of the ex-
posed surface area, while the volume of air will be a function
of stream velocity. The fuel/air ratio then becomes

0

F/A As 6Q VFx
A V Ad Va2 (14)

air air

where Q is a constant containing a diffusion rate relation and
vapor pressure and A is the airstream cross-sectional area.
Due.to our initial assumptions and in our wind tunnel tests,
Q, VF, x, and A are constants related to the test procedures.
We can now express fuel/air ratio functionally as

F/A = ( -d (15)
air
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The relationship between fuel/air ratio and (3) can be
air

experimentally determined. However, since we have chosen a
bzseline fuel for the determination of evaluation criteria,
the ratio between the fuel/air ratio of a specific emulsified
fuel ard the standard fuel (JP-4) for the same wind shear con-
dition. is more appropriate. We can then define a r: ,w param-
eter (-p) which is equated as

(F/A) Fuel

- (F/A)JP- 4  (16)

For the same wind shear conditions (Vair constant), we also
observe that

(FA)Fuel dJP-4
"bJP-4 = (F/A)jp_4  dFuel' (17)

which states that the ratio of the measured fuel/air ratios is
directly proportional to the inverse ratio of the measured
droplet diameters. It must be understood, however, that this
relation is only valid if the emulsified fuel's base fuel is
JP-4. Similar relationships can be used for other base emulsi-
fied fuels as long as the reference fuel is the base fuel for
the emulsion.

It has been determined through examination of test data that
a relation between * and wind shear velocity exists for each
emulsified fuel structure tested. This relation takes the
form

= exp K1  , VAir j Vj (18)

where Vj and K1 are constants and are functions of the emulsi-
fied fuel yield stress. The term (VO) also represents the
lowest airstream velocity in which tQe emulsified fuel acts or
demonstrates the same fuel/air ratio and droplet diameter as
its base fuel. The test results illustrating these phenomena

*! are presented in the Test Results section.

For the emulsion formulations studied in this program, the
* values of V- and K1 could be expressed as functions of yield

stress. This allows the above equation for the wind shear
* ignition susceptibility parameter to be written as
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2 2
= exp - v27.2 y VAir) /(23 + 0.029 T )2

VAir - "2 (19)

The extent of the atomization and dispersion of a fuel when
impacting surfaces in a crash environment is dependent upon
the kinetic energy imparted to the fuel from its interaction
with its environment. The generation of an accurate physical
combustion/interaction model is difficult, but the mechanisms
initiating the atomization and dispersion are relatively simple
for uncomplicated surfaces. Here the amount of atomization
and dispersion for a given fuel is a direct function of the
imparted kinetic energy where

=1 V22

K.E. = 1FueV 2 Sin 2 (20)2 Fuel Fuel

and 0 is the impingement angle with the impact surface (which
is assumed to be flat). For curved impact surfaces, the Sin 2e
term must be integrated over the surface.

Considering the formation of ignitable fuel/air ratios, we
can assume that fuel/air ratios after impact are generated
from two sources. The first is the initial fuel/air ratio
formation resulting from atomization of the fuel by the input
kinetic energy. Here, similar to the wind shear, the result-
ing fuel/air ratio can be expressed functionally as

(F/A) nitil f (1) (21)

where d, the mean droplet diameter, is a complicated function
of the input Xinetic energy.

The second source for the formation of fuel/air ratio results
from the dispersion of the fuel after impact. Here the fuel/
air ratio formation depends on the total surface area of the
spilled fuel and the distribution of this exposed area on the
impacted surface. Thus,

(F/A) Secondary P f (A) (22)

Of course, the above fuel/air ratios are functions of fuel
properties such as yield stress, viscosity, surface tension,
vapor pressure, and diffusion rates.

The fuel/air ratios accompanying the nozzle shear tests pre-
sented in this report can be expressed only by the first for-
mation process. The impact dispersion/atomization tests must
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certain conditions the initial fue-l/air ratio could generate

combustible mixtures whereas the secondary fuel/air ratio may
not. In this situation, ignition might occur but would be
self-extinguishing and not propagate a flame. Conversely, it
is also possible that the initial fuel/air ratio formation
may not generate combustible mixtures, whereas the secondary
fuel/air ratio process may form combustible mixtures. In this
situation, complete combustion is possible, producing a hazar-
dous situation. Of course, the most hazardous sitiation re-
sults when both mechanisms produce combustible fuel/air
ratios. The actual results of these processes are experi-
mentally illustrated in the Test Results section of this re-
port. Although the above discussion is analytically sound,
one must not overlook the possibility that combustion of the
initial (or mist phase) fuel/air ratio formation heats the
distributed spill to aid the production of a combustible
mixture. This more closely represents the actual crash
environment where "fireballing" of the mist phase usually
results in high-energy combustion.

In the impact dispersion/atomization tests conducted for this
study, it was possible to measure only an average fuel/air
ratio over a specific period of time after impact. As a re-
sult, the definition of the above process (as a function of
fuel/air ratio) was not possible. It was determined through
examination of test data, however, that a relation similar to
that observed for wind shear between (4) and (VFuel Sine)
exists for each emulsified fuel structure where e is the fuel
impingement angle. This relation holds between the emulsion
and its base fuel as

-Vi- V FulSine)S= x vi VFuelVueS
IK2 , VFuel Sine • Vi (23)

where V- and K2 are constants which are functions of the
emulsifield fuel yield stress. As in the wind shear results,
Vi also represents the lowest value of VFuel Sine in which
the emulsified fuel demonstrates the same fuel/air ratio as
its base fuel. Data illustrating these phenomena are also
presented in the Test Results section.

For the e ulsion foimulat-.ons studied in this program, the
values o Vi and K2 could be equated as functions of yield
stress. This allowed the above equation for the impact
dispersion/atomization ignition susceptibility parameter to be
expressed as
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'P=exp{.. O 406 3 _(Ty- 2 12) -V S inO~ 2/(9.5 -0.035T

V SinOi 410.63 (Ty - 212) (24)

AUTOIGNITION

In any powered aircraft crash, hot-surface sources that will
ignite flamnable fuels are always present. These sources can
range from hot tailpipes to shorted electrical wires. It is
therefore necessary to understand fuel ignition characteristics
in order to determine not only the minimum autoignition temper-
ature of the fuel but also the ignition characteristics of a
fuel in contact with hot surfaces,.

The minimum autoignition temperature as well as the ignition
delay times associated with different surface temperatures ior
a fuel in air, is dependent upon the physical prccesses of
diffusion, mixing with the oxidant, fuel heat conductivity,
surface properties, and geometry as well as chemical pro-
cesses. In aircraft crashes, the air pressure can, in general,
be assumed constant at one atmosphere. Most hot surfaces in
light Army aircraft are stainless steel.

The dependence of ignition delay time on the surface tem-
peratures has been mathematically represented in Reference
6 as

ln t = A/T + ln k (25)

where t is the ignition delay time, T is the spontaneous
ignition temperature, k is a constant, and A is a constant
related to the apparent "Activation Energy" of the controlling
process.

Based on the test data contained in this report (Test Results
section), a modified version of this mathematical relation was
found to represent the data more accurately:

ln(t -t + ln k (26)

where t is a constant for a given fuel which can be inter-
preted Is the ignition lag time associated with an infinite
spontaneous ignition temperature due to interface heat trans-
fer resistance.

POSTCRASH FIRE TEMPERATURE SCALING

It is advantageous to relate the temperature and heating rate
data obtained during the simulated tests to those expected in
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allows the extrapolation of the scaled data, but offers an
approach to validate the approach used in the design of the
simulated tests.

Although the resulting ignition characteristics should be
nearly identical between scaled and full-scale conditions,
the resulting temperatures reached in the scaled test are
limited by the burn time of the fuel and, therefore, by the
amount of fuel. The heating rates associated with a scaled-
down fire test should be nearly identical to those imposed in
a full-scale postcrash fire. This has been shown to be the
case for JP-4 fires in the test data presented herein. Thus,
the full-scale fire environment should produce maximum heat-
ing rateF (using JP-4) on the order of 10.5 Btu/ft 2 - sec.
Approximately 89 percent of this total heating rate is due to
radiation and the remainder is due to convection. The JP-4
scaled data gave heating rates on this order of magnitude.
This can be expressed as

Tskin W - To 0(27)

where Tskin is the aircraft skin temperature, T is the initial
or ambient temperature, p is the skin material aensity, Cp is
the skin material specific heat, 0 is the skin thickness, t is
the time to reach a temperature Tskin, and j is the total heat-
ing rate. The total heating rate from a fuel fire can be ex-
pressed as

(T 4 - To 4 ) + hAT (28)S= c(flame0

where a is the Stefan-Boltzmann constant, c is the surface
emittance, h is the hot gas film coefficient, To is the ambient
or surface temperature, and AT is the temperature difference
between gas and surface.

If it is assumed that the heating rates obtained for various
fuels in the scaled tests are representative and that an infi-
nite amount of fuel is available for combustion in the full-
scale environment, then analytical extrapolation of aircraft
skin burn-through time to the full-scale conditions is pos-
sible from the test data. It should be apparent that long
burn-through times represent a less hazardous condition than
short burn-through times. A skin temperature of 1100OF (melt-
ing point of aluminum) is chosen as the burn-through tempera-
ture. The burn-through time from initial impact can then be
calculated as
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pCpe (1100 - T.)
tburn - max 1 (29)
through

where p, Cp, and e are the aluminum skin density, specific
heat, and skin thickness, respectively, and q4max is the maxi-
mum heating rate obtained in the scaled test, Ti is the
calorimeter temperature corresponding to the point at which
qmax is observed. The term ti is the time between initial
impact and the point at which 4max was observed.

This analysis is somewhat conservative from a heating stand-
point since the actual heating rate decreases as the skin tem-
perature increases; however, it does indicate a maximum condi-
tion. The actual heating rate distribution with increasing
skin temperature cannot be obtained without knowing the radia-
tion characteristics of the environment. It wis found in the
test data that the extrapolated burn-through times for JP-4
were on the order of 20 seconds. This value corresponds to
fuselage burn-through times of 20 to 35 seconds.(8)

It was found when plotting the extrapolated burn-through time
versus the ignition susceptibility parameter for each fuel
that a curve fit resulted which could be expressed as

thurn o A + exp (B/4) (30)through (0

where A and B aLe constants. Although there is no apparent
analytical basis for this curve fit, it does portray a trend
which would be expected from ignition observations of the
tests.
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TEST METHODOLOGY

A comprehensive test effort was conducted to establish emulsi-
fied fuel screening test procedures for safety evaluation cri-
teria. This entailed the design and construction of test
facilities which were utilized to test emulsified fuels under
simulated crash environments to obtain data for defining the
safety characteristics of specific fuels.

The mechanics involved in producing combustible mixtures of
fuel during a crash environment can be classified into two
basic areas: (1) wind shear during fuel tank spillage and
(2) fuel impact with the surrounding environment. With these
mechanisms and the economics involved in mind, the following
sequence of testing was developed:

Nozzle Shear Tests
Fuel Fundamentals Tests

Hot Surface Ignition Tests

Wind Shear Tests
Fuel-Crash Environment

Impact Dispersion/ Tests
Atomization Tests

A second, equally comprehensive test effort was conducted to
(1) establish a limiting value for the screening test safety
parameter and (2) study the performance of emulsified fuels in
a full-scale crash environment. This entailed the design and
construction of a test facility which was used to test emulsi-
flied fuels under a simulated full-scale helicopter crash en-
vironment.

The mechanics involved in duplicating and simulating the full-
scale crash environment can be classified into three basic
areas: (1) duplication of impact kinetics and impact velocity,
(2) duplication of tank structural design, and (3) simulation
of full-scale ignition sources. With these mechanisms in
mind, simulated crash tests were conducted at a velocity equal
to the maximum crash-survivable velocity for helicopters using
a fuel tank structure corresponding to full-scale helicopter
fuel tank design, and ignition sources which represent those
possible in a full-scale crash. The various ignition sources
used to accomplish the latter item were:

Open flame igniter tests (one test per fuel)

Spark and hot-surface igniter tests (two tests per fuel)
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On-board (engine simulator) igniter tests (three tests
per fuel)

Descriptions follow of the theories and techniques devised to
accomplish the required testing.

NOZZLE SHEAR TESTS

Nozzle shear tests were designed to enable a quick prelimi-
nary study of the flow properties and atomization processes
of emulsified aircraft fuels for comparison with liquid air-
craft fuels. Further, the nozzle shear test data provided
information to enhance the fuel environmental tests. The ex-
perimental technique involved photographic observation of the
flow region resulting from impinging a fuel stieam onto a
lucite rod surface.

A schematic o2 the flow system is shown in Figure 6. It con-
sists of a 1-gallon volume Freon tank and an emulsified fuel
tank. Freon was chosen as the "pushing" liquid because of its
immiscibility with emulsified fuel. The flow rate of the emul-
sified fuel was based on the measured volumetric flow rate of
the Freon. Pressurization of the Freon tank was controlled by
a hand regulator. Different fuel flow rates were easily
attained by varying the pressure of the Freon tank. Freon flow
rates, which in turn determined the emulsified fuel flow rates,
were measured with turbine-type flowmeters. The signals of the
flowmeters were fed via amplifiers into a recording oscillo-
graph.

A 2-gallon aluminum cylinder, 8 inches in diameter, was used
as the fuel tank. A well-fitted aluminum piston, 3 inches in
length, was utilized in the fuel tank as a moving diaphragm
to separate the Freon from the emulsified fuel. A 0.180-inch
I.D. tube was used as the fuel nozzle. Nozzle alignment with
the lucite rod surface was refined on the basis of flow pat-
terns. The gap spacing between the nozzle exit and the
lucite surface was maintained at 0.750 inch. Ball valves
were used along the emulsified fuel flow lines to avoid small
restrictions which could cause the breakdown of the emulsified
fuel. Figure " presents a front view of the impingement appa-
ratus. A detailed view of the nozzle and the impingement sur-
face is shown in Figure 8.

The data were recorded with a 4-inch x 5-inch still camera and
consisted of photographic observation of the fuel sheet that
resulted from impinging the fuel stream onto the lucite sur-
face. A micro-flash system was used to provide the proper
lighting. Flash duration was approximately 1.0 microsecond
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Figure 6. Schematic of Emulsified Fuel Impingement Apparatus.

with mean peak light intensity of 50,000,000-beam candlepower.
The microsecond flash duration stopped the motion of fuel
ligaments and droplet sizes. The camera was positioned per-
pendicular to the fuel sheet with the center of the film
approximately 7 inches from the nozzle centerline.

HOT-SOURCE IGNITION TESTS

The measurement of a minimumn autoignition temperature is de-
pendent upon the type and geometric configuration of the test
apparatus. Therefore, a minimum autoignition temperature

23



si

Figure 7. Front View of the Impingement
Apparatus.
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Figure 8. Close View of the Nozzle Section.
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El
cannot be regarded as a physical constant but is dependent on
such factors as vessel materials, vessel size, and oxidant
mixing characteristics.

For the tests performed in this report, a heated vessel or
"static" crucible method was used. A modification of the ASTM
designationj, D-2155-66 "Autoignition Temperature of Liquid

Petroleum Products", was designed and incorporated. Because
the majority of the hot surfac,s existing in an aircraft crash
are constructed of stainless steel, the heated vessel chosen
was a 600-mi stainless steel beaker, replacing the Z00-ml
Erlenmeyer borosilicate glass flask. The static cruciblemethod was chosen for its simplicity and ability to adequately

simulate fuel spillage on hot crash surfaces. With this
approach, no forced mixing of oxidant (air) is used. Thestatic air in the test apparatus provides oxidant to the fuel.

The test apparatus is illustrated in Figure 9. A crucible
furnace with a rheostat temperature control was used for heat-
ing the test crucible. The 600-ml beaker was instrumented
with three iron-constantan thermocouples: (1) one located on
the bottom and center of the beaker, (2) one located 2-1/2
inches from the top of the beaker, and (3) one located 1 inch
from the top of the beaker. The test crucible was separated
from contact with the bottom of the furnace by a 1/2-inch
asbestos insulating ring. The top of the furnace was fitted
with a 3/4-inch-thick asbestos cover with a 1-1/2-inch diameter
hole provided to allow injection of the fuel sample and ob-
servation of ignition through the use of a mirror as shown.
A 5cc hypodermic syringe calibrated in 0.1cc increments and
equipped with a 3-inch No. 12 stainless needle was used to
inject the fuel into the crucible. The ignition delay time
was measured by a hand-operated stop watch.

The operational procedure for conducting the autoignition
tests was similar to that set down by ASTM designation D-2155-
65. The furnace temperature was adjusted so that the tempera-
tures of the three thermocouple locations were within 50 F of
the desired test temperature. A 0.10cc sample of the desired
fuel was injected into the test crucible with the hypodermic
syringe, and the syringe was quickly withdrawn. The time on
the stop watch was started as the sample was injected into the
crucible. Observation of the ensuing ignition, if any, was
made with the aid of the observation mirror, at which time the
ignition delay time was recorded on the stop watch. If a
flame was not observed within 5 minutes, the sample was con-
sidered not flammable at the temperature measured. This pro-
cedure was repeated at various test temperatures.
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Figure 9. Hot-Surface Ignition Apparatus.
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The wind shear tests were designed to determine the breakup
and genceral flow field dispersion characteristics of fuels
when suhjectý-_ to air velocities typical of the crash environ-
ment. The basic wind shear tunnel test apparatus is shown in
Figure 10. A blower, powered by an internal combustion engine,
supplied air for the tunnel at velocities up to 146 fps. The
blower flowed through a settling chamber provided with flow
straightening devices. The 1-ft x 2-ft (cross section) test
section had Plexiglas windows on one side along its 8-foot
length for visual observation and photographic instrumentation.
A smaller window was provided on the opposite side to allow
the use of a strobe light for microphotography. Fuel was in-
jected into the airstream through a port in the floor of the
test section. Tunnel wind velocities were measured by a
Pitot-static pressure probe, located at the forward end of
the test section, that was connected to a water manometer.
Air temperatures were measured by a thermocouple probe, also
located at the forward end of the test section.

Test fuel temperature regulation was provided by the refrigera-
tion unit shown in Figure 11. Tank No. 1 was a water reservoir
fitted with refrigeration coils. The cooled water from Tank
No. 1 was pumped through cooling coils in Tank No. 2 which con-
tained the test fuel. The temperature-regulated fuel was
transferrad to the tunnel fuel pressurization tank (Tank No, 3)
(shown in Figure 12) by a hand-operated vane pump. The tem-
perature of Tank No. 3 was also controlled by pumping cooled
water from Tank No. 1 through coils in the tank. The fuel
pressurization tank was fitted with a pressure overload safety
valve, a pressure relief valve, and a solenoid valve connected
to The fuel flow ratc pressure regulation system.

Fuel flow into the test section was provided by pressurizing
the fuel pressurization tank. This flowed the fuel into a 1-
inch flexible hoee, through an on/off solenoid fuel valve, and
into the test section through a 0.42-inch I.D. aluminum injec-
tion tube. The fuel line, solenoid valve, and injection tube
were designed to provide adjustment of the injection tube with
respect to the wind tunnel test section. A fuel drain with
valve was provided at the bottom of the tank to allow mea-
surement of emulsified fuel yield stresses prior to testing
and to drain the tank.

The fuel flow rate was controlled by a pressure regulator
valve fitted with a downstream orifice to insure a constant
flow rate of air into the tank ullage. A second pressure
regulator was connected to the tank to allow presetting of the
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tank pressure to the steady-state pressure value downstream ofthe orifice.

Because the consistency and viscosity of the various fuels
tested were different, it was necessary to calibrate the flow
rate control system for each fuel. This was accomplished by
flowing fuel into the flow rate calibration drum shown in
Figure 10, which was weighed for a specific pressure setting
and time. When required, the emulsified fuels were worked to
higher yield stresses using the recycle apparatus shown in
Figure 12.

Six basic types of data were obtained during wind shear test-
ing: (1) wind tunnel condition data such as wind velocity and
air temperature, (2) fuel property data, (3) spark ignition
susceptibility data, (4) fuel droplet size data, (5) mean fuel/
air ratio data, and (6) general fuel-wind flow field character-
istic data.

The fuel property data consisted of type of fuel, yield stress
value, and fuel temperature. The yield stress of the fuels was
measured by a cone penetrometer technique developed by the
U. S. Army Fuels and Lubricants Research Laboratory and de--
scribed in USAAVLABS Technical Report 69-24, "Eiulsified Fuels
Characteristics and Requirements," March 1969.

The ignition susceptibility of wind-sheared fuel was obtained
by placing spark igniter probes (70,000-volt capacitor dis-
charge) aft of the test section as shown in Figure 10. Fuel
ignition was observed and recorded visually.

Fuel droplet size measurements were obtained from microphotog-
raphy of the dispersion flow field. The location ok the
microphotographic setup is illustrated in Figure 13.1 The set-
up consisted of a still camera with the field of vie as shown
in Figure 13, backed up by a 1 msec strobe light for capturing
the flowing fuel droplets. The camera and strobe light were

* programmed to fire 4 seconds after injecting the fuel into the
-- airstream.

The mean fuel/air ratio data were obtained from 11 samilling
probes ]ocated at the aft end of the tunnel test section as
illustrated in Figure 13. The probes were designed to sample,
an average fuel/air ratio over the full wind tunnel cross
section. Each probe was constructed of 0.030-inch I.D. stain-
less steel tubing that incorporated a 60-degree scarfed end to

J minimize the digestion of solid fuel particles. The 11 probes
were manifolded into a 3/8-inch-diameter stainless steel tube
which was connected to a vacuum pump. A second vacuum pump
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i pulled a sample from the input manifold of the first vacuum
pump through the chromatograph sampling coils. A chromato-
graph, connected to a recorder with integrator as shown in
Figure 14, was used to record the sampled fuel/air ratio. The
chromatograph was fitted with a silicone column which allowed
the separate tracing of fuel compositions of varying molecular
weight.

The general fuel dispersion patterns and fuel-air flow field
interaction characteristics were obtained from three cameras.
The flow field and fuel breakup kinetics were recorded by a
hand-triggered still camera located as illustrated in Figure
13. A hand-triggered motion camera (65 frames per second) was
also used to record fuel-wind interactions. A second motion
camera (500 frames per second) was used as illustrated in
Figure 13 to record the fuel breakup pattern and fuel droplet-
air flow characteristics, and to determine the extent of fuel
breakup downstream of the fuel injection point.

The data acquisition test procedure for the wind shear tests
varied slightly depending upon the data being taken. The wind
tunnel operating procedure, however, remained constant. Pre-
test preparations were as follows:

* Cameras were checked and loaded.

* Fuel/air sample vacuum pumps were turned on.

e The chromatograph was zeroed and set on the correct
range.

9 The yield stress of the fuel was taken.

e The fuel temperature was recorded.

* The fuel flow rate regulation system was set at the
correct pressures which would produce a 10 fps fuel
flow rate into the test section.

* The wind tunnel blower was started and set at a
designated wind velocity.

?he fuel flow rate regulator solenoid valve and fuel injection
solenoid valve were programmed, through the use of an elec-
tronic counter, to open and close simultaneously , I cause a
10-sccond fuel injection period into the wind tunnel test sec-
tion.

Four seconds after fuel flow was started, the same counter
system triggered the microphotograph camera and strobe light.
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The flow field still camera was hand triggered approximately
5 seconds after flow comnenced. For motion camera data
(which were taken without the two still cameras), the elec-
tronic counter triggered the flow field motion camera (500
frames per second) 4 seconds after flow was started and con-
tinued fo:- 4 seconds. The full-view motion camera (65 frames
per second) was hand -,perated and turned on for the complete
10-second run.

For spark ignition data, the spark was turned on prior to
fuel flow injection and left on through the 10-second test
period. Ignition was observed visually and recorded. Fif-
teen seconds after fuel flow commenced, the gas sample was
switched into the chromatograph column to be analyzed. The
wind tunnel test section was cleaned of residual fuel after
each test before preparations for the next test commenced.

IMPACT DISPERSION/ATOMIZATION TESTS

The impact dispersion/atomization test setup was designed
to simulate fuel impact conditions of the crash environment
on a laboratory scale. This was accomplished by impacting
a slug of fuel onto a flat surface, representing the condi-
tions existing when a fuel tank or fuel line ruptures during
an actual crash.

The device for obtaining fuel impact velocities (Figure 15)
was a 4-ft x 2-in. I.D. steel driver tube that inclosed a pis-
ton which contained the fuel sample. The sample was driven
down the tube at a predesignated velocity by air pressure.
The air supply entering the driver tube was fitted with a
sonic orifice such that a known flow rate of air entered the
tube for a given air supply pressure. Two 1/2-inch-diameter
relief holes were located near the end of the piston travel
to release the driver tube pressure when the fuel piston im-
pacted a shock ring at the bottom of the driver tube. This
prevented any flowe of air through the piston into the fuel
impact area.

The fuel piston was made of aluminum and held 3 cubic inches
of fuel (Figure 15). The details of the fuel piston are illus-
trated in Figure 16. Fuel was held in the piston by placing
an aluminum foil diaghragm over the face of the piston and
clamping the diaphragm with a clamping ring. The clamping
ring was constructed with an 85-degree knife edge to allow
clean shearing of the diaphragm when the piston impacted the
shock rirg. O-rings were placed around the piston circumfer-
ence to provide an air seal. A secondary piston was fitted
inside the fuel piston to release the vacuuming effects of
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the fuel exiting the piston. The O-ring face seal initially
eliminated any liquid fuel leakage through the rear of the
piston. The spring provided the initial seating force for
the face seal as well as reduced the impact inertia forces on
the secondary piston. The rubber shock absorber further atten-
uated these forces.

The driver tube-fuel piston assembly was mounted on the frame
at the desired angle of impact (90, 45, or 15 degrees) as
shown in Figure 17. The mounting frame was designed so that
the fuel slug travel distance from the driver to its impact
point was 1 foot for all three impingement angles.

Air to the driver tube was obtained from a supply bottle
through an adjustable pressure regulator which fed an accumu-
lator bottle. A solenoid valve programmed with the 500-frame-
per-second camera released the air supply to the driver tube.

The sampling probes shown in Figures 15 and 17 contained 11
stainless steel tube probes (0.030-in. I.D.) which were con-
nected to a vacuum pumping system for pulling a sample of
vaporized gas. Care was taken to design the probes with a
scarfed end so that ingestion of liquid fuel particles was held
to a minimum. The 11 probes were located 2 inches from the
impact surface and 6 inches from the impact centerline, start-
ing adjacent to the point of impact.

To control wind and extraneous effects, a Plexiglas container
was fitted over the impact area as shown in Figure 18. Inside,
this container was 1 foot high, 2 feet wide, and 5 feet 7-1/2
inches long. These dimensions were based on a volume which,
for JP-4, would give a fuel/air ratio of 0.1 by weight if all
of the JP-4 fuel were vaporized for standard atmospheric condi-
tions.

Data racorded for the impact dispersion/atomization tests con-
sisted of: (1) fuel slug impact velocity, (2) air temperature,
(3) impact surface temperature, (4) pressure regulator pressure,
(5) fuel temperature, (6) fuel yield stress, and (7) mean fuel/
air ratio.

A 500-frame-per-second camera, shown in Figure 18, recorded
the actual fuel velocity and impact characteristics. Fuel
yield stress was measured by a cone penetrometer.

The mean fuel/air ratios were measured by a chromatograph
connected to a recorder with integrator as shown in Figure 14.
A silicone column was used to trace various fuel molecular
compositions. The chromatograph setup was the same as for the
wind shear tests discussed earlier.
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Figiure 17. Impact Dispersion/Atomization Facility.
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The operational procedure for the impact dispersion/atomization
tests was as follows:

* The camera was checked and loaded.

* Fuel/air sample vacuum pumps were turned on.

* The chromatograph was zeroed and set on the correct
range.

* The yield stress of the fuel was taken.

* The fuel temperature was recorded.

* The impact surface and ambient air temperature were
recorded.

& The air supply pressure regulator was set at the pre-
scribed pressure to obtain specified impact velocity.

* The piston was filled with fuel and placed in the

.driver tube.

* The driver tube assembly was installed on the mounting
frame.

* The camera was turned on for 3 seconds. After 1
j second from camera start, the solenoid valve was auto-

matically opened, accelerating the fuel to the impact
point. When the camera was turned off, the solenoid
valve closed.

* Fifteen seconds after the camera commenced, the gas
sample was switched into the chromatograph column to
be analyzed.

e Before the next test was run, the facility was cleaned
of all residual fuel.

Only slight modification of the previcusly discussed facility
and operational procedure was required to incorporate the
ignition sources, a hot-surface source and a spark ignition
source. The hot-surface ignition source was a stainless steel
sheathed, nichrome heater strip (2 feet long and 3/8 inch in
diameter) mounted on a frame as shown in Figure 19. The hot-
surface ignition source was located at the same relative loca-
tion as the gas sample pickups discussed previously. The
heater strip was brought up to 11000F by a rheostat while the
temperature was measured by an iron-constantan thermocouple.
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The spark igniter was powered y a 12,000-volt transformer
with an approximate spark gap of 0.1 inch. The spark igniter
was located 5 inches from the fuel impact point and 1-3/4
inches from the surface.

The pretest operational procedure was similar to that already
discussed except that chromatographic data were not obtained
and the hot-surface ard spark igniters were activated as re-
quired. The Plexiglas container was not used. The camera was
set for a 4-second run period rather than a 3-second period so
that complete combustion coverage could be obtained.

Recorded ignition characteristics were obtained from the 500-
frame-per-second camera and visual observations and record-
ings.

Imnediately after each run, the fire, if any, was extinguished,
the srark igniter was turned off, and the hot surfaces were
removed from the area. The facility was then cleaned and made
ready for the next test.

SIMULATED FULL-SCALE TESTS

The basic overall test setup is illustrated in Figure 20. The
test procedure consisted of accelerating a fuel tank mounted on
a test fixture along a monorail, impacting the tank on a
barrier, and recording ignition data photographically and in
terms of electric analogs for the associated fire heating data.

A crash velocity of 65 ft/sec at an impact angle of 45 degrees
was chosen to conduct the simulated full-scale tests. By con-
ducting tests at the approximate crash-survivable energy limit,
any fuel or test condition which indicated "safe" -luring these
tests would be considered within the survival envelope during
a full-scale crash.

The test impact barrier was an earth-n fill constructed ad-
jacent to a monorail as illustrated in Figure 21. The face of
the barrier was constructed of concrete at a 45-degree incline
with the horizontal and was 32 inches long and 5-1/2 feet wide.
It was fitted with two steel tank cutters to insure that the
fuel tank bladder would rupture as in full-scale crashes onto
rough terrain. A concrete block wall was constructed adjacent
to the monorail to provide a near vertical surface to contain
the earthen fill, and to allow the impact area to be as close
to the test fixture as possible within barrier-fixture clear-
ance limits. The maximum height of the dirt fill was 3 feet
7 inches from ground level. The overall length of the impact
barrier test area was 33 feet.
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Fifteen-hundred feet of monorail was used to accelerate the
test fixture to a velocity of 65 ft/sec. Steel straps (48 feet

long, 1/4 inch thick, and 2-1/2 inches wide) were attached to
each side of the monorail in the vicinity of the impact barrier
to provide a friction surface for the fixture stopping brake.

The test fixture was constructed to ride on the monorail, posi-
tion the fuel tanks, and allow simulation of the impact kinet-ics and aircraft stopping distance after impact. The fixture is
illustrated in Figures 22, 23, and 24. The tank mount and sup-
porting structure consisted of a swinging pivot arm. &n energy-
absorbing brake system was incorporated to hold the pivot arm
and fuel tank at the desired position prior to impact and to
provide rotational energy absorption to duplicate impact kinet-
ics during and after impact.

A rail caliper brake system was designed to stop the test fix-
ture and fuel tank within 18 to 30 feet from initial impact.
This system was designed to duplicate the stopping distance a
crashing helicopter travels in the horizontal after initial
impact at the energy condition tested. The brake system con-
sisted c'. two brake shoes (2-1/2 in. x 12 in.) which clamped
onto t-le steel strips attached to the monorail; see Figuire 23.
The brake was actuated by air pressure through use of a
solenoid-actuated valve. A breaker wire switch triggered by a
metal stake initiated brake actuation at a specific point in
the fixture's travel into the barrier. The brake shoe mate-
vial consisted of asbestos mil-board brake lining.

The simulated fuel tanks were constructed to duplicate the
crash kinetics of actual full-s- ale configurations. Figure
25 shows the test fuel tank configuration and the tank bladder.
The tanks were of honeycomb sandwich construction as illus-
trated in Figure 26, and were typical of those found on many
U. S. Army helicopters. The dimensions of the tanks allowed
an approximate fuel volume of 13 gallons (1 ft x 1 ft x 2 ft).
The outer skin of the tank structure was made from 0.016-inch-
thick 7075-T6 aluminim panels. The core was of aluminum honey-
comb (1/2 in. x 1/8 in. x 0.07N). A 2-ply fiberglass cloth

.provided the inner skin material. These materials were bonded
with epoxy resin to form the sandwich-constructed panels as
illustrated in Figure 26. k 1-inch lip was provided at the
panel edges to allow rivet attachment to the 0.06-inch angle
framework. The top end frames were constructed of two 0.06-
inch "T" sections to provide mounting brackets and attachment
of the tank to the fixture mount. A thin-wall fuel cell
bladder was constructed tO fit inside the tank structure. A
2-inch filler cap was vulcanized to the top center of the fuel
cell bladder and attached through a 3-inch-diameter hole cut
into the tank top panel.
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Instrumentation was provided to measure and record the impact
velocity, the fire intensity, and the test conditions. The
impact velocity was obtained by towing the test fixture with a
vehicle using a 1,500-foot cable; see Figure 20. The tow
vehicle was instrumented with a fifth wheel velocity indicator
and a speed control device. The speed control device provided
accurate velocity regulation which eliminated the possibility
of human error. This system provided an impact velocity of 65
ft/sec within ±2 ft/sec. An electrical breaker speed trap was
placed just forward of the impact barrier to measure the actual
impact velocity.

The fire intensity accompanying the impact and ignition of the
fuel was measured versus time. Ten calorimeter probes, located
as shown in Figure 21, were positioned vertically 1 foot from
the barrier surface. The calorimeter devices were constructed
as shown in Figure 27. They measured the environmental tem-
perature versus time to allow computation of resulting heating
rates. This system allowed the determination of relative fire
intensity and provided a means to extrapolate the simulated
test fire intensity to a full-scale condition.

Pretest environmental conditions were determined by measuring
impact barrier surface temperature, fuel temperature, baro-
metric pressure, air temperature, relative humidity, wind
velocity, wind direction, and hot-surface igniter temperature
when applicable. Impact barrier and fuel temperature were mea-
sured with a mercury thermometer prior to test initiation. Am-
bient wind velocity and direction were measured by a portable
anemometer and direction indicator. Ambient air temperatures
were recorded by an enclosed U. S. Weather Bureau ambient ther-
mometer. The relative humidity and barometric pressure were
obtained from the U. S. Weather Bureau at the Phoenix airport.
The hot-surface igniter temperature was measured with a thermo-
couple.

Five high-speed cameras were used to provide photographic
coverage of each test. Three cameras were installed on the
test fixture for on-board photographic coverage as illustrated
in Figures 20 and 22. Camera 5 was attached to the tank
support pivot arm and Camera 3 was positioned to photograph
a close-up side view of the impact sequence. Camera 4 was
located to photograph a semioverhead view of the impact se-
quence. Two ground cameras were located as shown in Figure
20. Camera 1 provided an overall view of the impact test and
Camera 2 was positioned to record a close-up view of the im-
pact event. An alternate position for Camera 2 is illustrated
in Figure 20. It was used in the on-board (engine simulator)
igniter tests to provide coverage of both the igniter and im-
pact sequence.
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Fuel temperature was maintained throughout the tests between
970 and 103 0 F. This was accomplished by storing the test fuels
in two identical fuel temperature regulation systems. The sys-
tem is illustrated schematically in Figure 28, and photo-
graphically in Figure 29. Each fuel regulation system con-
sisted of an insulated 55-gallon barrel which enclosed a 30-
gallon fuel barrel. The space between the 55- and 30-gallon
barrels was filled with water to allow a regulated heating con-
trol liquid. A barrel heater that was powered by a thermostat
control device which regulated the water temperature by a ther-
mometer submerged in the water was wrapped around the base of
the 55-gallon barrel. The 30-gallon barrel was filled with
the desired fuel and brought up to the desired fuel temperature.

Yield stress of the emulsified fuels was measured three times
when the tank was filled for testing and then averaged. An
ASTM D217 conetpenetrometer (30-gram cone assembly) was used to
measure the yield stress in dynes/cm2 .

Ignition sources were provided which simulated those sources
observed in full-scale crashes. Basically, three types of
ignition tests were studied: (1) a ground-based spark and hot-
surface igniter configuration, (2) ground-based open flame
igniters, and (3) an on-board (engine simulator) hot-surface
and open-flame igniter system.

The spark igniter source was located 1 foot from the barrier
surface as illustrated in Figure 21. Spark was obtained from
a 12,000-volt transformer driving a 0.1-inch spark gap. The
hot-surface igniter source, located as illustrated in Figure
21, was a stainleas steel sheathed, nichrome heater strip
(2 ft long and 3/8 inch I.D.), temperature controlled with a
rheostat and monitored with a thermocouple. The heater strip
was positioned level to the barrier surface and was maintained
at 1100*F.

The open-flame igniter sources, five smudge pots burning JP-4,
are illustrated in Figure 21.

The on-board ignition source (see Figure 30) was located over
the fuel tank on the pivot arm as shown in Figure 31. This
ignition source simulated the crash environment associated
with turbine tailpipe conditions and was sequenced to simulate
observed full-scale tailpipe conditions as illustrated in
Figure 32. The ignition source sequence consisted of an
initial hot-surface or tailpipe condition of approximately
900 0 F. At 0.7 second after impact, the propane burner was
ignited to simulate the engine flaming which is observed as
the engine spools are halted by friction. The open flame was

54



TEMPERATURE CONTROLLER

55-GALLON BARREL -\

S3 

0 "G A L L O N B R E -

INSULATION FUE

WATER TEMPERATURE
THERMOMETER •

WATER •

55-ALLON
BARREL HEATER
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sustained for 2.0 seconds and then turned off. The time
sequencing of this system was obtained with an electric timing
device which was triggered at impact. The propane burner was
left on prior to impact to keep the simulated tailpipe at the
desired temperature. Just prior to impact, a triggering device
shut off the propane burner and started the relight cycle. A
spark plug was used to ignite the propane burner which was
energized concurrently with the propane supply solenoid valve.
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TEST RESULTS

Using the laboratory screening test m, thodology detailed in
the previous section, test data were obtained on five fuels:

1. Referee Grade JP-4

2. JP-4 Base Emulsion EF4R-104

3. JP-4 Base Emulsion EF4R-104H

4. JP-8

5. JP-8 Base Emulsion EF8R-104H

Using the simulated full-scale test methodology detailed in

the previous section, test data were obtained on ten fuels:

1. Referee Grade JP-4

2.. JP-4 Base Emulsion EF4R-104

3. JP-4 Base Emulsion EF4R-104H

4. JP-4 Base Emulsion JP-4 EXP-4

5. Referee Grade JP-8

6. JP-8 Base Emulsion EF8R-104

7. JP-8 Base Emulsion EF8R-104H

8. Jet-A Base Emulsion Jet-A EXP-4

9. Jet-A Gel #1

10. Jet-A Gel #2

RESULTS OF NOZZLE SHEAR TESTS

Nozzle shear tests were performed on the five fuels at various
flow velocities. Typical flow patterns that resulted from
liquid JP-4 or JP-8 are shown in Figures 33 and 34, respec-
tively. For both fuels, the dependence of droplet size on im-
pinging fuel .flow velocity is insignificant for the velocities
tested.

The typical flow patterns resulting from impinging streams of
EF4R-104, EF4R-104H, and EF8-104H fuel emulsions are shown in
Figures 35, 36, and 37, respectively. The droplet diameter or
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characteristic ligament dimensions illustrate a direct depen-
dence upon fuel velocity. It is apparent from comparison of
EF4R-104 and EF4R-104H that the breakup is also a function of
the emulsified fuel yield stress. It was observed during test-
ing that, for fuel flow velocities less than 20 ft/sec, the
emulsions appeared to "creep" out of the nozzle without im-
pinging the lucite surface. For flow velocities greater than
20 ft/sec, the spray consisted mainly of large filaments with
smaller ligaments. The particle size approached the liquid
sizes as the fuel velocity increased. The measured yield
stress was 900 dynes/cm2 for the JP-4 base EF4R-104 emulsion
and 1570 dynes/cm2 for the EF4R-104H emulsion. The JP-8 base
EF8-104H emulsion measured a yield stress of 800 dynes/cm2 .

Figure 38 shows the variation of mean droplet diameter or
characteristic ligament size as a function of impinging fuel
velocity for both emulsified and liquid fuels. It is observed
that there is very little difference between the droplet diam-
eters for the two liquid fuels. The emulsified fuels tend to
generate an exponential relation between droplet diameter and
fuel velocity. Using the empirical relation discussed in the
Test Methodology section,

dBase Fuel,= exp - V 2

%Base Fuel Fuel K V ' (31)

the data presented in Figure 38 can be replotted in terms of
an ignition susceptibility parameter (fBase Fuel). Figure 39
presents this data correlation (4JP-4 versus fuel velocity)
for JP-4 base EF4R-104 emulsified fuel at a yield stress of
900 dynes/cm2 . Usinq the above equation to fit a mean curve,
it was found that (Vj) and (K) equalled 73.6 ft/sec and 1203,
respectively. It may be observed that the data fit is very
good for this type of testing.

Figure 40 presents the results plotted (*JP-4 versus fuel
velocity) for JP-4 base EF4R-104H emulsified fuel with a yield
stress of 1570 dynes/cm2 . The resulting constants (V.) and
(K) were found to equal 82.25 ft/sec and 1345, respectively.
In comparing these two fuels, it is apparent that an increase
in yield stress decreases the corresponding fuel breakup.
Again, the scatter is minimal for this type of testing.
Figure 41 presents the corresponding curve for the JP-8 base
EF8-104H emulsified fuel. The constants (Vj) and (K) were
found to be equal to 56.25 ft/sec and 524 respectively at a
yield stress of 800 dynes/cm2 .

Figures 39, 40, and 41 illustrate the dependence of the emulsi-
fied fuel breakup on the fuel impingement velocity. Each fuel

67



N i
rA

>1~ >1

N H u N 4

r14 ~ 14 4Ol

c~no

E-4)

H

00)

> 44-

$4-

N___________ ___________ ___________

*NI OISNWIU ILLIH&MEY.MIT~O~a INV NMM

68)



0i5
>0I F!

*ON

00

H4-)

HU 0)

- r-

rz4

69



Io
>>

I 4

N• o
Ln v 0

NN

C4 m

Coo

I a, -

rX4*

CA14
00

u)Cl

14,,

0 9 1•
,.- W4

- H. ril

"01

H QiO

44~

704 *d



OD

S(IU) 01
C143

'I- Co

1w 01

0 o-,.4

--- 1 0

-,Ii-4

112

x~04

ooCo

H r44

m 71



was characterized by a velocity at which a sharp decrease in
droplet liameter began with a further increase in fuel veloc-
ity. The diameter approached the droplet diameters associated
with the liquid base fuels. A rational comparison between the
EF8-104H emulsion and JP-4 and its emulsions cannot be made
unless the ignition susceptibility characteristic between JP-4
and JP-8 is known for the same conditions. As shown in the
preceding section, when the base fuel is changed, the constant
Q, which is a function of the vapor pressure and diffusion
rate, changes. This variation must be known before the compar-
ative ignition susceptibility characteristic between JP-4 and
JP-8 can be computed. However, the results show the expected
tendencies in that the fuel reaction to an input kinetic energy
causes shear loads and, consequently, shear thinning of the
emulsions.

RESULTS OF HOT-SURFACE IGNITION TESTS

Using the methodology discussed previously, hot-surface igni-
tion tests were performed on all five fuels. Figure 42 pre-
sents the hot-surface ignition data obtained for referee grade
JP-4. The data is presented in terms of crucible temperature
(degrees versus ignition delay time (seconds)). The modified
mathematical relation discussed under Analytical Considerations
was used to generate the curve representing the mean data re-
sults illustrated in F*gure 42. Here (A) in the equation was
found to be 2.342 x 10 , ln k was found to be -20.52, and tr
was equal to 0.9. Using this curve as a mean, the data were
found to fall within the 50F error tolerance incorporated in
the test procedures.

Other methods of determining autoignition characteristics for
liquid JP-4 have been studied.( 7 ) The results of a dynamic
autoignition test on JP-4 are illustrated by the dashed curve
in Figure 42. This curve, taken from Reference 7, was ob-
tained using a stainless cylinder with a flow-through fuel-air
mixture. It may be observed that the two correlation curves
compare favorably. References 6 and 7 indicate a minimum
spontaneous ignition temperature of 468 0 F for JP-4. The test
data obtained in this analysis indicate an autoignition tem-
perature approximately 20°F higher than this.

The minimum autoignition temperature for emulsified fuels
should not differ greatly from that of their base fuel. The
data obtained for the JP-4 emulsions (EF4R-104 and EF4R-104H)
indicate this trend. Figure 43 presents the autoignition data
generated for the EF4R-104 fuel. Comparing the EF4R-104 data
with the mean JP-4 data curves indicates that the emulsion
autoignition data approached that obtained from JP-4. The
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EF4R-104 emulsion does, however, indicate a longer ignition
delay time of approximately 1.0 second for a given crucible
temperature. This effect is to be expected since the water
matrix present in the emulsion should change the heat transfer
characteristics of the fuel in contact with the hot surface
and result in slower fuel vaporization characteristics. The
EF4R-104 tests were conducted with a mean yield stress of 509
dynes/cm2 , which is representative for this fuel in a near-
relaxed state.
Figure 44 presents the autoignition data obtained from the
EF4R-104H emulsion. Like that of EF4R-104, the autoignition
temperature curve approaches that obtained for JP-4. Likewise,
the ignition delay time is found to be longer for a given

crucible temperature by about 1.0 second. It is noted, how-
ever, that the EF4R-104H emulsion curve approached the JP-4
curve at a higher temperature than the EF4R-104 emulsion. This
might possibly be due to the higher yield stress (1153 dynes/
cm-) which is characteristic of the relaxed EF4R-104H fuel.
The water matrix of the EF4R-104H surrounds smaller fuel globs;
therefore, the thermal boundary layer is thinner and yields
higher heat transfer rates. However, it is noted that this is
only a hypothesis since this effect is not conclusively estab-
lished by the data.

Vaporization and subsequent ignition are functions of various
fuel properties such as hydrocarbon composition, diffusion
rates, and heat transfer coefficient. The JP-8 fuel has a
different hydrocarbon mixture than JP-4. The results of igni-
tion tests on JP-8 are indicated in Figure 45 together with
the mean autoignition curve for JP-4. Not only did the mini-
mum autoignition temperature decrease, but the ignition delay
time was much less for the JP-8 fuel. The indicated minimum
autoignition temperature was approximately 40*F lower than
for JP-4 or, from extrapolation, was 448*F. This lowering of
the overall autcignition temperatures was contrary to expecta-
tions based on the ignition and fuel/air ratio data generated
in the wind shear and impact dispersion/atomization tests as
well as those based on the relative vapor pressure values (0.35
psi fur JP-8 as compared to 3.0 psi for JP-4). All indications
were that JP-8 was difficult to ignite at normal ambient tem-
peratures. However, for the elevated temperatures used in the
hot-surface tests, the data of Figure 45 show that JP-8 is a
more easily ignitable fuel than JP-4.

Figure 46 presents the autoignition characteristics obtained
from testing the EF8-104H emulsion. The data obtained for this
fuel had considerable scatter. There appeared to be a tempera-
ture range between 600 *and 800 0 F in which the autoignition
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behavior deviated from the characteristic trends of liquid or
previously tested emulsified fuels. One explanation for the
results obtained is that the EFB-104H emulsified fuel developed
sporadic outgassing at the fuel/hot-surface interface, causing
heat transfer delays in this temperature range. Once the tem-
perature was dropped to below 600*F, the autoignition charac-
teristics followed the expected trend and approached the JP-8
autoignition characteristics. As with the JP-4 emulsions, the
ignition delay time for the JP-8 emulsion increased when com-
pared to the base fuel.

It was observed that the emulsified fuels, in general, pos-
sessed more data scatter- than their liquid base fuels. This
is probably due to their more complicated structure.

RESULTS OF WIND SHEAR TESTS

Wind shear tests were performed on referee grade JP-4, JP-4
base emulsion EF4R-104, JP-4 base emulsion EF4R-104H, JP-8,
and JP-8 base emulsion EF8-104H. The test wind velocities
ranged from 30 to 120 ft/sec, enveloping the approximate maxi-
mum crash survivable velocity of 65 ft/sec. In all tests the
fuel was injected into the airstream at 10 ft/sec. Wind shear
test conditions and data results from each test are presented
in Appendix I.

No fuel or velocity combination was found which would ignite
with the spark ignition probes due to the absence of a com-
bustible fuel/air ratio. It should be borne in mind, how-
ever, that this is a facility characteristic and does not
necessarily lead to a noncombustible conclusion for a full-
scale condition where much more fuel is involved. More im-
portant, however, are the relative trends developed in these
tests in which the fuels performance is compared to the JP-4
standard.

Using the data correlation results obtained previously
(Analytical Considerations), the droplet diameter and fuel/
air ratio data are presented in terms of ý, where

(F/A)Fuel dBase Fuel
B FIBase Fuel dFuel (32)

Basically, two types of test data were measured for fuel crash-
worthiness performance. These consisted of mean fuel/air ratio
data and photographic data of the breakup, atomization, and
dispersion of the fuels versus wind velocity. Photographic
data were obtained from four cameras, The most important
photographic data were obtained with the microphotographic
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camera where actual fuel droplet diameters were determined.
The full-view still camera gave secondary data results as to
fuel flow characteristics. The data obtained from the two
motion cameras were used to back up the droplet diameter data
and indicate any trends not observed with the other types of
data systems.

Figures 47 and 48 show the fuel droplet breakup for referee
grade JP-4 fuel just downstream of the injection point. The
fuel was injected at 10 ft/sec into the airstream at velocities
of 40 and 80 ft/sec, respectively. Both figures show high
amounts of breakup and dispersion for JP-4 with the mean drop-
let size being reduced slightly as the velocity increases.
Figures 49 and 50 show the results from the full-view still
camera for the same JP-4 tests and illustrate the overall flow
pattern of the wind shear mechanism.

Figures 51 through 55 illustrate a sequence of tests performed
on EF4R-104 emulsified fuel with yield stresses ranging from
400 to 500 dynes/cm2 . The five figures illustrate the breakup
and dispersion characteristics of EF4R-104 emulsion when it was
injected into a 40 to 100 ft/sec wind flow field. For the
lower velocities, no breakup is visible and the fuel stays in
a continuous strand. As the velocity is increased, small
amounts of breakup and atomization are visible. At 100 ft/sec,
the breakup and atomization are still small ccmpared to liquid
JP-4 at the same wind velocity. Even the smaller particles are
still in an emulsified state. Figures 56 and 57 show the full
view of the EF4R-104 fuel during wind shear for wind shear
velocities of 60 and 100 ft/sec. These figures further illus-
trate the breakup susceptibility as the wind shear velocity
increases.

To study the effects of yield stress on the breakup and ato-
mization characteristics, the EF4R-104 emulsified fuel was
worked to a yield stress of approximately 1200 dynes/cm2 and
tested at various wind shear velocities. Figures 58, 59, and
60 show the accompanying fuel-air flow field at wind veloc-
ities of 60, 80, and 100 ft/sec. It can be seen that the
fuel breakup is less pronounced than the data shown in
Figures 56 and 57. This indicates a potential increase in
safety with increasing yield stress.

Figures 61 through 67 illustrate a sequence of tests performed
on EF4R-104H emulsified fuel with an average yield stress of
1733 dynes/cm2 for wind velocities from 50 to 120 ft/sec. It
is evident that less breakup occurs with the higher yield
stress of this fuel. Figures 68, 69, and 70 show photographs
of EF4R-104H emulsified fuel which has been worked to a yield
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Figure 47. JP-4 Wind Shear Breakup, Wind
Velocity =40 fps.
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Figure 48. JP-4 Wind Shear Breakup, Wind
Velocity = 80 fps.
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Figure 49. JP-4 Wind Shear/Fuel Flow Field,
Wind Velocity =40 fps.

II

Figure 50. JP-4 Wind Shear/Fuel Flow Field,
Wind Velocity =80 fps.
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Figure 51. EF4R-104 Wind Shear Breakup,
Wind Velocity = 40 fps
(Ty= 475 Dynes/cm2 ).

Figure 52. EF4R-104 Wind Shear Breakup,
Wind Velocity = 50 fps
(Ty = 475 Dynes/cm2 ).
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Figure 53. EF4R-104 Wind Shear Breakup,
Wind Vel.ocity = 60 fps

(T 475 Dynes/crn2) .

-3 -
-11 VMN v-

Figv~re 54. EF~4R-104 Wind Shear Breakup,
Wind Velocity = 70 fps,
(Ty 475 Dynes/cm2 ) .
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Figure 55. EF4R-104 Wind Shear Breakup,
Wind Velocity = 100 fps

(T 400 Dynes/cm2).

Figure 56. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velloci~y =60 fps

=.r 600 Dynes/cm )
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Figure 57. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velocity = 100 fps
(T= 600 Dynes/cm2 ).

Figure 58. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velocity = 60 fps(T = 1200 Dynes/cm•).
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Figure 59. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velocit = 80 fps
(Ty = 1300 Dynes/cm').

Figure 60. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velocit = 100 fps

(y 1050 Dynes/cmr).

87



Figure 61. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velocity = 50 fps

(- 1733 Dynes/cm~)

Figure 62. EF4R-104H Wind Shear/Fuel Flow
Field, Wind Velocity = 60 fps
(t = 1733 Dynes/cm2 ).
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Figure 63. EF4R-lO4H Wind Shear/Fuel Flow
Field, Wind Velocity = 70 fps
(-ry = 1733 Dynes/cm2).
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Figure 65. EF4R-104 Wind Shear/Fuel Flow
Field, Wind Velocity = 90 fps

y= 1733 Dynes/cm2 )

Figure 66. EF4R-104H Wind Shear/Fuel Flow
Field, Wind Velocity = 100 fps
(Ty = 1733 Dynes/cmr).
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Figure 67. EF4R-104H Wind Shear/Fuel Flow
Field, Wind Velocity = 120 fps
( = 1733 Dynes/cmZ).

Figure 68. EF4R-104H Wind Shear/Fuel Flow
Field, Wind Velocit = 60 fps
(Ty = 2470 Dynes/cm ).
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Figure 69. EF4R-104H Wind Shear/Fuel Flow
Field, Wind Velocity = 80 fps
(-r = 2470 Dynes/cmL).

!i •~
Figure 70. EF4R-104H Wind Shear/Fuel Flow

Field, Wind Velocity = 100 fps
T = 2470 Dynes/cin).
y
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t...... raavau v= r..-1 47 dy nb-uia 2 teAted for velocities

of 60, 80, and 100 ft/sec, respectively. At this yield
stress, even less fuel breakup is apparent.

The actual safety a fuel displays is its ability to restrict
formation of ignitable fuel/air mixtures in the crash environ-
ment. The best way to illustrate this point is to compare the
performance of a tested fuel with that of a standard fuel, or
with one for which much crash data is available. As was shown
previously, a parameter (p) could be defined in which both
fuel/air ratio data and droplet diameter data could be corre-
lated to obtain a safety evaluation.

Figure 71 presents the fuel/air ratio data and droplet diameter
data plotted in terms of ýJP-4 (as defined previously) versus
wind shear velocity for the EF4R-104 emulsified fuel at an
average yield stress of 437 dynes/cm2 (400 _Ty 4-475 dynes/cm2 ).
Very good correlation between the fuel/air ratio data and the
droplet diameter data is evident which supports the analytical
model generated previously. It was further found that the
data presented in Figure 71, as well as the data presented in
the forthcoming figures, can be represented by the relation

(F/A) Fuel dBase Fuel
%Base Fuel (F/A) Base Fuel dFuel

r (V. - V) 2 1
-.i (33)

For the EF4R-104 emulsified fuel at an average yield stress of
437 dynes/cm2 , V- was found to equal 120.6 ft/sec and K was
found to equal 1190. It can be seen in Figure 71 that the
atomization and, therefore, fuel/air ratio increases rapidly
and approaches that of liquid JP-4 when the wind shear veloc-
ity is increased beyond 60 ft/sec. V. can be interpreted as
the wind shear velocity at which breaiup and atomization
would occur at the same rate for EF4R-104 as for liquid JP-4.
Since it is known that liquid JP-4 is highly combustible in a
crash environment, the value of tJP-4 for a given wind shear
velocity illustrates a fraction of the ignitability and com-
bustibility expected for JP-4. There exists a value of the
ignitability parameter (*JP-4) under which ignition could not
occur (at least to a hazardous extent) in a crash environment.
Fuels with values equal to or less than this critical value
of 'JP-4 for the approximate maximum crash survivable velocity
(65 ft/sec) would be considered safe.

Figure 72 nresents the fuel/air ratio data and droplet diameter
data plot Bd in terms of 1JP-4 versus wind shear velocity for

93



oH U>1

- 0

-- ___ __ - °H 4 13

$4J

HH

0) C

.H

o r

E- >15-
H~4 0

E4I -H

I-I0
0



Ko

04-

>0>

r4

'Kra

0 u
t-3I

coo

H -A

0 0- D

N 09

C14

0

00

951



EP4R-i04 emulsified fuel with an average yield stress of 645
dynes/cm . (The yield stress for these data varied between
600 and 690 dynes/cm ). Within the data scatter expected for
this type of testing, the correlation between fuel/air ratio
and droplet diameter was good. Using the equation for PJP-4
to obtain a mean curve through the data resulted in a value
for V- of 137 ft/sec and for K of 1700. Figure 72 indicates
a sharp increase in ýJP-4 for wind shear velocities above 70
tt/sec. The increase in yield stress, as compared to Figure
71, offers an improvement in safety (i.e., lower values of j).

Figu-e 73 presents the fuel/air ratio data and droplet diameter
data plotted in terms of ýJP-4 versus wind shear velocity for
EF4R-104 emul~ified f'1 worked to an average yield stress of
1400 dynes/cm . The d stress for these data varied ween
1200 and 1700 dynes/c Within the data scatter expec *A
this type of testing, t fuel/air data and droplet diam
data correlation was go . Using the equation for PJP-4 t.,
obtain a mean curve th h the data resulted in a value fd6 •
Vj of 190 ft/sec and f KIof 4140. Figure 73 indicates a
more gradual increase 1 PJP-4 than observed in Figures 71
and 72 for wind shear velocities above 90 ft/sec. As the
velocities increase, the value of PJP-4 approaches 1.0, which
represents liquid JP-4. Again, the increased yield stress
appears to offer an impgovement in safety.

Figure 74 presents the fuel/air ratio data and droplet diameter
data f. ;xttd in terms of *JP-4 versus wind shear: velocity for

MF4R-104H emulsified fuel. Two average yield stress curves are
presented. The first average yield stress is 1192 dynes/cm2

with a yield stress variation between 1125 and 1290 dynes/cm2

and the second average yield stress is 1886 dynes/cm2 with a
yield stress variation between 1525 and 2520 dynes/cm2 . It is
seen that quite a bit of data scatter is present. This is not
unexpected for this type of testing; however, the wider range
of yield stresses in these cases accounts for much of the
scatter. For the average yield stress of 1192 dynes/cm2 , the
mean curve obtained using the equation for ýPJpP-4 was found to
give a value for Vj of 180 ft/sec and for K of 3350. For the
average yield stress of 1886 dynes/cm2 , the mean data curve re-
sulted in a value for V- of 225.5 ft/sec and for K of 6100. As
shown in Figure 74, thea curve of 'JP-4 versus wind shear veloc-
ity indicates a gradual increase in V'jP- 4 for velocities above
85 ft/sec for the 1192 dynes/cm2 yield stress data and an even
more gradual increase in ýJP-4 for velocities above 100 ft/sec
for the 1886 dynes/cm2 yield stress data. As was indicated in
Figures 71, 72, and 73, the results shown in Figure 74 further
confirm the potential safety improvement with increasing yield
stress.
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Figure 75 presents fuel/air ratio data plotted in terms of
ýJP-4 for liquid JP-8 and EF8-104H. The yield stress for
liquid JP-8 is zero; however, the deviation of JP-8 from JP-4
is a function of the fuel properties such as vapor pressure,
diffusion rates, and chemical composition. The average yield
stress of the EF8-104H JP-8 base emulsified fuel is 1000 dynes/
cm2 with a yield stress variation between 750 and 1100 dynes/
cm2 . The mean curve for the liquid JP-8 was taken as a straight
line parallel to JP-4 data with a value of qJP- 4 corresponding
to 0.8. These data do contain a fair amount of scatter, but it
is within that expected for this type of testing. The mean
curve representing EF8-104H was obtained from the equation for
PJP-8 using the JP-8 data to obtain the results shown in Figure

76 for %jp_? versus wind shear velocity. The mean EF8-104H
data curve in Figure 75 was transferred from Figure 76 by a
value of 9.8, representing the relationship between JP-8 and
JP-4. Because JP-8 is the base fuel for EF8-104H, one would
expect that I',Jp-4 for EF8-104H would not become higher than
0.8. This mean data curve for EF8-104H resulted in a value for
V- of 150 ft/sec and for K of 2700. The EF8-104H data scatter

a little greater than should be expected. No definite ex-
planation is available; however, the hot-source ignition data
presented previously also resulte-1 in large amounts of scatter
for this high yield stress fuel.
RESULTS OF IMPACT DISPERSION/ATOMIZATION TESTS

Impact dispersion/acomization tests were performed on referee
grade JP-4, JP-4 base emulsion EF4R-104, JP-4 base emulsion
EF4R-104H, JP-8, and JP-8 base emulsion EF8-104H. The impact
velocities tested ranged from 20 to 70 ft/sec. The tests were
performed for each fuel a- 45- and 90-degree impact angles.
The results of each test are presented in Appendix II.

Using the data correlation results obtained from the analysis,
the fuel/air ratio data is presented in terms of an ignition
susceptibility parameter 4, where

(F/A) Fuel
I1Base Fuel /A)Base Fuel (34)

Two types of impact tests were performed and will be discussed
separately. The first consisted of measuring mean fuel/air
ratio results versus impact kinetic velocity and the second
consisted of recording impact ignition susceptibility versus
impact kinetic velocity.
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Fuel/Air Ratio Versus Impact Kinetic Velocity Tests

The mean fuel/air ratio data resulting from fuel impact with
a surface, fuel impact velocity measurements, and test pro-
cedures were discussed in the Test Methodology section. The
impact velocities were measured from the high-speed (500 frame-
per-second) camera data.

The actual safety potential a fuel displays is its ability tc
restrict formation of ignitable fuel/air mixtures in the crash
impact environment. The parameter (ý) can be used to illus-
trate this ability by comparing the tested fuel with a stan-
dard fuel or with one for which crash data are available.

Figure 77 presents the fuel/air ratio data plotted in terms of
ýPJp-4 versus kinetic velocity (V SinO) for the JP-4 base,
EF4R-104 emulsified fuel at an average yield stress of 508
dynes/cm2 . The yield stress varied between 480 and 536 dynes/
cm2 . Figure 77 consists ef data taken for both 45 and 90
degrees; therefoie, these results indicate that the impact
dispersion and atomization dependence are a direct function of
kinetic velocity for a given yield stress. Very little data
scatter is present. It is found in Figure 77, as well as in
the data presented in the forthcoming figures, that a similar
relationship to that observed in the wind shear tests can rep-
resent the mean data, e.g.,

(F/A)Fuel = exp -(V- - V < V.

Base Fuel = (F/A)Base FueI K '-

(35)

Based on the results of the EF4R-104 data presented in Figure
77, the mean curve resulted in a value of 60 ft/sec for Vj and
a value of 747.5 for K. It nan be seen in Figure 77 that the
atomization and dispersion &,id, therefore, the mean fuel/air
ratio, increased rapidly when the kinetic velocity was in-
creased beyond 15 ft/sec. Also, the data approached * = 1.0
(i.e., equal to that of liquid JP-4) near a kinetic velocity
of 60 ft/sec. At this velocity, the impacted EF4R-104 would
have atomization and dispersion characteristics similar to
those expected for liquid JP-4. Since it is known that liquid
JP-4 is highly combustible in a crash environment, the value
of VJP-4 for a given kinetic velocity illustrates a fraction
of the ignitability and combustion expected for JP-4. It
should be clear that there will exist a value of the ignit-
ability parameter (PJP-4) under which ignition could not occur
(at least to a hazardous extent) in a crash environment. If

we assume that the maximum survivable conditions for a crash
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environment are a velocity of 65 ft/sec at a 45-degree angle,
then the maximum survivable kinetic velocity is 46 ft/sec.
Fuels with values equal to or less than this critical value
of jJP-4 would be considered safe.

Figure 78 presents the fuel/air ratio data plotted in terms of
PJP-4 versus kinetic velocity for the JP-4 base EF4R-104H emul-

sified fuel at an average yield stress of 1143 dynes/cm2 . The
yield stress varied between 1100 and 1185 dynes/cm2 for the
data. As in Figure 77, the data plotted in Figure 78 consists
of tests run at both a 45- and 90-degree impact angle. Data
scatter is not severc for this type of testing. Using the
equation for •JP-4 to obtain a mean data correlation curve re-
sulted in a value for Vj of 100 ft/sec and a value of 2450 for
K. It can be seen in Figure 78 that the ignitability param-
eter ýJP-4 increases with increasing kinetic velocity less
rapidly than the parameter in Figure 77. It is evident, as
was the case in the wind shear test results, that increasing
the yield stress of the emulsified fuel apparently enhances
its safety characteristics.

Figure 79 presents the fuel/air ratio data plotted in terms of
'JP-4 versus kinetic velocity for liquid JP-8. The data pre-
sented in this figure were obtained for both a 45- and k 90-
degree impact angle. Because the yield stress of JP-8 is zero,
the lower fuel/air ratio data obtained, compared to JP-4, are
the result of the inherent characteristics of JP-8, such as
vapor pressure, diffusion rates, and chemical composition.
Data scatter is no more than to be expected for this type of
testing, especially at the lower fuel/air ratio ranges. The
value of tJP-4 for liquid JP-8 appears to taper off to a value
between 0.2 and 0.3 for the larger kinetic velocities. This
would correlate with the difference between vapor pressure of
JP-8 and JP-4 (0.35 psi for JP-8 and 2.90 psi for JP-4).

Figure 80 presents the fuel/air ratio data plotted in terms of
JP-4 versus kinetic velocity for the JP-8 base EF8-104H emul-

sified fuel with an average yield stress of 755 dynes/cm2 .
The yield stress varied between 730 and 780 dynes/cm2 for the
data presented, which also included 45- and 90-degree impact
angles. Using the equation for 'JP-8 and the mean JP-8 re-
sults, a mean data curve was generated for the EF8-104H data
in terms of ýJP-4- This curve is shown in Figure 81. From
this result, the values for V- and K were estimated at 73 ft/
sec and 1310, respectively. Is illustrated in Figure 81,
there was considerable scatter. However, for the very low
fuel/air ratios obtained with this fuel, such scatter is not
unusual. As-ftth the wind shear test and hot-surface ignition
test results, it appears that this fuel will characteristically
yield greater data scatter when compared to the others tested.
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Impact Ignition Susceptibility Versus Impact Kinetic Velocity
Tests

An impact ignition test program was conducted to record igni-
tion characteristics for referee grade JP-4, JP-4 base EF4R-
104 emulsion, JP-4 base EF4R-104H emulsion, JP-8, and JP-8
base EF8-104H emulsion.

High-speed motion pictures (500 frames per second) were taken
of each test to record the extent of fuel ignition from the
spark and/or hot-surface ignition source and to determine the
actual fuel impact velocity. Test conditions and data are
presented in Appendix III.

It must be realized that the ignition results obtained in this
test series do not necessarily represent the ignition expected
in a full-scale crash environment. However, the ignition study
does illustrate the ignition trends and how these trends re-
late to the impact dispersion/atomization results.

To illustrate graphically the ignition results, an ignition
rating system numbering from 0 to 4 was devised. A rating of
0 indicated no ignition whereas a rating of 4 indicated a
violent complete ignition, characteristic of the JP-4 results.
A rating of 3 indicated a delayed complete ignition, lacking
the initial fireball associated with light fuel spray. An
ignition rating of 2 indicated a semi-fireball ignition which
did not propagate a flame and was self-extinguishing. An
ignition rating of 1 indicated only slight ignition without
flame spreading.

Three tests were run for each fuel (except JP-4), velocity
setting, and impact angle to obtain an adequate statistical
analysis. Only two tests per condition were required for JP-4,
as every velocity and impact angle tested resulted in an igni-
tion rating of 4. It was found after analyzing the data that
the actual impact velocities for nominally the same setting
were not close enough to substantiate averaging for each test
condition. Further, the yield stress of the fuels varied
slightly during testing. Therefore, all the data were plotted
rather than statistically averaged at a given condition.

To i'llustrate the effect of the ignition susceptibility param-
eter JP-4, the ignition rating of the test data was plotted
versus the ignition susceptibility parameter PJP-4. The value
of PJP-4 for each test was obtained from the'governing equation
using the measured kinetic velocity and the appropriate con-
stants associated with yield stress (see sectidn on Test Corre-
lation and Safety Evaluation Criteria). The results are
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presented in Figure 82. The data scatter is as expected in
this type of data acquisition; however, there does appear to
be a distinct border line which represents the limit of the
occurrence of a specific ignition rating. If we assume that
an ignition rating of 2 or under represents a nonhazardous
condition, then it can be concluded that values of PjP-4 equal
to or less than 0.09 represent a safe condition. For values
of ýJP-4 above this value, there is a finite probability of
complete ignition. Figure 82 also allows prediction of igni-
tion characteristics of other fuels if we know the appropriate
value of PJP-4 for the fuel.

To be able to define the limiting value of bJP-4 from results
with greater precision, either a much larger data sample or
preferably much better reproducibility of the test condition
would be required. It was observed in the tests that all
ignitions were caused by the spark igniter rather than the
hot-surface ignition source. Although the hot surface was
kept at 1100 0F, the contact time of the fuel apparently was
not long enough to initiate combustion. The effect the hot
source had on ignition by the spark igniter was not directly
determined; however, it is possible that data with an igni-
tion rating of 3 may have been affected by the hot source.

RESULTS OF SIMULATED FULL-SCALE TESTS

The simulated full-scale test conditions and results are tabu-
lated in Appendix IV.

Results of Open-Flame Igniter Tests

One simulated full-scale impact test was performed using open-
flame igniters for each of the ten fuels at an impact velocity
of 65 ft/sec. The only environmental variable causing any
change between the ten tests was the wind velocity and direc-
tion. Each test was conducted with a wind velocity of less
than 10 mph. The maximum temperature observed at any position
is illustrated for each test as a function of time from impact
in Figures 83 and 84. Four tests resulted in no indicated
temperature increase (zero heat rate). P malfunction occurred
in the temperature data recorder in one test (liquid JP-8).

The ignition and postcrash fire resulting from the liquid JP-4
fuel test produced a violent reaction and a large fireball. A
large amount Qf misted fuel ignited while airborne, and the
fire spread over the test barrier, resulting in complete igni-
tion of all the fuel. The maximum heating rate was found to
be on ýhe order of that expected for JP-4 postcrash fires (10
Btu/ft -sec).
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The JP-4 base emulsion EF4R-l04, with a yield stress value of
283 dynes/cm2 , resulted in a violent ignition and postcrash
fire of nearly the same magnitude as the JP-4 fuel. The re-
sulting fireball was slightly smaller, which was as expected
because fuel misting was reduced due to the emulsion's yield
stress. The small globs of fuel, however, appeared to have
been almost completely ignited while airborne. The resulting
fire and fuel spread covered a somewhat larger area than JP-4
and also resulted in complete ignition of all the fuel. The
postcrash fire burn time was increased over JP-4 as the emul-
sion tended to lay small globs over the ground which burned
longer than the misted JP-4 fuel. The maximum heating rate
was found to be nearly equal to that found for the JP-4 test.
It was concluded that the postcrash fire hazard potential was
as great or perhaps slightly greater than that of liquid JP-4.

The JP-4 base emulsion EF4R-104H, with a yield stress value of
807 dynes/cm2 , resulted in a violent ignition and postcrash
fire. The resulting fireball was slightly redu~cd from the
fireballs observed for JP-4 and EF4R-104 since tl~e fuel globs
were slightly increased in size. This resulted in a reduction
in the available fuel 4n the vapor phase. However, nearly all
the fuel globs were ignited while still airborne. jThe result-
ing fire and fuel spread covered a somewhat larger'area than
for JP-4 and resulted in nearly complete ignition of all the
fuel with only small isolated unburned fuel globs. The post-
crash fire burn time was increased as the larger globs of fuel
lay on the barrier and burned until completely consumed. This
longer burn time accounts for the higher temperatures acquired
for this test over the JP-4 test since the JP-4 tended to be
consumed in the initial fireball on impact. As with the EF4R-
104 emulsion, the observed maximum heating rate was found to
be nearly the same as JP-4. It was concluded that the post-
crash fire hazard potential was as great as or greater than
that of liquid JP-4.

The JP-4 base emulsion JP-4 EXP-4, with a yield stress of 800
dynes/cm2 , resulted in an ignition and postcrash fire nearly
identical to that of the EF4R-104H fuel. The resulting tem-
peratures, however, did not indicate as high an energy release
as did the EF4R-104H fuel. However, the wind direction during
this test may have been a factor since it was blowing the fire
away from the temperature-calorimeter probes.

The liquid JP-8 fuel resulted in a violent ignition and post-
crash fire that was nearly identical to the JP-4 test. The
resulting fireball size was observed to be somewhat smaller
than JP-4, which could oe expected due to the reduced vapori-
zation rate of JP-8. The fuel misting after impact appeared
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much the same as JP-4, but the resulting flame speed through
the mist was slower. Once the mist was heated by fire, the
flame speed appeated to increase. As a result, fire spread
was slower; however, nearly all the fuel was consumed by fire.
No valid temperature or heating data were obtained in this
test, as a malfunction occurred in the data recorder. It is
expected that the heating data found in the spark hot-surface
data would be representative of that expected here. The con-
cluded postcrash fire hazard potential was considered slightly
less than that for JP-4.

The Jet-A base emulsion Jet-A EXP-4, with a yield stress value
of 1467 dynes/cm2 , resulted in a nonhazardous ignition and
postcrash fire. An initial pilot ignition was observed as
fuel gl.bs impacted the open-flame igniters, but the fire did
not propagate and tended to be self-extinguishing. Only the
fuel that made direct contact with the igniters ignited and
burned slowly, around the igniters. Large fuel globs were
formed after inpact, and no visible misting occurred. The
indicated temperature (Figure 84) resulted in a small localized
burn in the vicinity of a temperature probe. The resulting
heating rates were very low compared to JP-4 except for the
one probe which indicated less than half the heating rate ob-
served for JP-4. This occurred about 12 seconds after impact,
as compared to 2 to 3 seconds after impact fur JP-4. It was
concluded that a nonhazardous postcrash fire condition re-
sulted with this fuel.

The JP-8 base emulsion EF8R-104H, with a yield stress value of
1570 dynes/cm.2 , resulted in a nonhazardous ignition and post-
crash fire. An initial pilot ictnition was observed as fuel
globs impacted the open-flame igniter, but the fire did not
propagate and tended to be self-extingbishing. Large fuel
globs were formed after impact, and no visible misting occurred.
The temperature data (Figure 84) indicated very little heating,
with a maximum heating rate of one order of magnitude less than
that observed for JP-4. This occurred 18 seconds after impact.
It was concluded that a nonhazardous postcrash fire condition
resulted with this fuel.

The JP-8 base emulsion EF8R-104, with a yield stress of 665
dynes/cm2 , resulted in a nonhazardous ignition and postcrash
fire. An initial pilot ignition was observed off the first
smudge pot as globs of fuel impacted the smudge pot igniter.
The associated pilot fire did not propagate and tended to be
self-extinguishing. Large to medium fuel globs, somewhat
smaller than for the EFMR-104H fuel, were formed after impact,
and no visible misting occurred. No temperature change was
noted from the thernmcouple calorimeters. An ignition suscepti-
bility parameter of 0.1052 was calculated for this fuel and
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test condition. It was concluded that a nonhazardous post-
crash fire condition resulted with this fuel.

The Jet-A base gel #1, with 4 viscosity of 68 centipoise, re-
sulted in a nonhazardous ignition and postcrash fire. An
initial pilot ignition was observed off the first two smudge
pots as the fuel impacted these igniters directly. The associ-
ated pilot fire did not propagate and tended to be self-
extinguishing. Droplet formation after impact appeared to be
relatively large with average fuel droplets the size of marbles.
No visual misting was observed. No temperature change was
noted from the thermocouple calorimeters. An ignition sus-
ceptibility parameter could not be calculated due to the lack
of screening test data for gels. It was concluded that a non-
hazardous postcrash fire condition resulted with this fuel.

The Jet-A base gel #2, with a viscosity of 40.7 centipoise,
resulted in a potential hazardous ignition but with a non-
hazardous postcrash fire. A small mist-phase fireball result.'d
from ignition off the first smudge pot igniter. A small ground
fire resulted outside the thermocouple locations but did not
propagate and therefore burned itself out. No temperature
change was recorded. Fuel droplet sizes ranged from a mist
phase to droplets somewhat smaller than for the gel #1. The
presence of the mist-phase fireball provided an ignition po-
tential for the rest of the fuel if more fuel had been avail-
able. Therefore, a hazardous postcrash fire rating must be
recorded for this fuel.

For each of the above emulsified fuel tests, the ignition sus-
ceptibility parameter was computed using screening test cri-
teria and the measured yield stress of each fuel. The value of
the respective ignition susceptibility parameter is indicated
for each fuel in Figures 83 and 84.

Results of Spark/Hot-Surface Tests

Two simulated full-scale impact tests were performed "zing
the spark/hot-surface igniters for each of the ten fuels at
an impact velocity of 65 ft/sec. Tlhe only environmental vari-
able causing any change between the. tests was the wind velocity
and direction. Each test was conducted with a wind velocity of
less than 10 mph. The maximum average temperature condition
and associated maximum temperature' envelope for each test are
illustrated in Figures 85, 86, and 87. Two fuels resulted in
no temperature increase (zero indicated heat rate).

The subsequent ignition and postcrash fire from the two liquid
JP-4 tests resulted in a violent reaction and large fireball.
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Nearly all the fuel wa• formed into a mist phase after impact.
This fuel mist was ignited by the spark source, resulting in
nearly complete combustion of the misted fuel while airborne.
The fire spread over the test barrier, resulting in complete
ignition of all the fuel. The maximum heating rates obtained
in the tests were of the same order as those expected in JP-4
postcrash fires. The maximum average temperature condition,
along w" -h the maximum temperature envelope obtained in the
two tc is presented in Figure 85.

Both of the JP-4 base emulsion EF4R-104 tezts, with an average
yield stress value of 301 dynes/cm2 , resulted in a violent
ignition and postcrash fire of nearly the same magnitude as
the J'-4 tests. The resulting fireball size was slightly
smaller than for JP-4, but ignition off the spark resulted in
nearly complete engulfment of the fuel in flame before reach-
ing the ground. Small globs of fuel were observed with some
fuel misting. The fire and fuel spread covered a larger area
than that for JP-4 due to the fuel droplet size but resulted
in complete burning of all the fuel. The postcrash fire burn
time was longer than for JP-4 since the fuel globs slowed the
burning rate of the fuel. The associated maximum heating rates
were the same to slightly larger than those for the JP-4. It
was concluded that the postcrash fire hazard potential was as
great as or greater than that for the JP-4.

The JP-4 base emulsion EF4R-104H tests, with an average yield
stress value of 793 dynes/cm2 , both resulted in a violent igni-
tion and postcrash fire. The resulting fireball size was less
than observed for JP-4. Ignition by the spark source was ob-
served, and flame propagation through the airborne fuel globs
was rapid. Much of the fuel was ignited before contacting the
ground. Larger fuel globs were noted than were observed for
the EF4R-104 with less fuel misting. The postcrash fire burn
time was longer than for JP-4 due to the fuel droplet size;
however, nearly complete burning of all fuel resulted. The
associated maximum heating rates were the same to slightly
larger than for the JP-4 fires. It was concluded that the
postcrash fire hazard potential was as great as or greater
than that for the liquid JP-4.

The JP-4 base emulsion JP-4 EXP-4 tests, with an average yield
stress value of 662 dynes/cm2 , resulted in one test producing
a violent ignition off the spark source and the other pro-
ducing a slower ignition off the spark igniter with a hazardous
postcrash fire as the fuel became heated. The fireball size
for the former was nearly identical to the EF4R-104H fireball,
whereas the latter resulted in a reduced fireball due to the
slower ignition. The fuel glob sizes were nearly the same as
for EF4R-104H. The fire and fuel spread covered a larger area
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than the JP-4 tests but resulted in nearly complete burning of
all the fuel. The associated maximum heating rates were the
same to slightly larger than the JP-4 rates. The postcrash
fire burn time was about the same as for EF4R'-104H fuel. It
was concluded that the postcrash fire hazard potential was as
great as or greater than that for the liquid JP-4.

The liquid JP-8 fuel resulted in one test producing a violent
ignition off the spark igniter and one test producing no igni-
tion off the spark igniter but an ignition on the hot-source
igniter followed by a slow flame propagation. Fuel misting
frcm impact for both tests was similar to that observed with
liquid JP-4. Flame spread in the violent reaction was slightly
slower than for JP-4 with much the same characteristics ob-
served in the open-flame igniter test. The observed heating
rate for the violent reaction was found to be the same as for
JP-4,'whereas the nonviolent test resulted in heating rates of
one order of magnitude less than those for JP-4. The average
maximum temperature is illustrated in Figure 86. It was con-
cluded that postcrash fire hazard potentials for the separate
tests were (1) nearly as hazardous as JP-4 and (2) nonhazardous.
Since one test resulted in a fire hazard, it was concluded that
a hazardous rating must be placed on liquid JP-8 for this igni-
tion source configuration.

Both of the Jet-4 base fuel emulsion Jet-A EXP-4 tests, with
an average yield stress value of 1307 dynes/cr. 2 , resulted in
nonhazardous postcrash fires. Both tests produced slight igni-
tion on the hot-surface igniter with little to no flame propa-
gation. The ignition delay times compared with results re-
ported in the screening tests for an 1100OF hot source. Maxi-
mum heating rates were one order of magnitude less than those
obtained with JP-4. This is illustrated by the temperature
data presented in Figure 86. Fuel globs were large, with no
ignition from the spark igniter. It was concluded that a non-
hazardous postcrash fire resulted for this fuel and igniter
source configuration.

The JP-8 base fuel emulsion E58R-104H tests, with an average
yield stress of 1615 dynes/cm , as with the Jet-A EXP-4 fuel
tests, resulted in nonhazardous ignition and postcrash fires.
Both tests produced light ignition on the hot-surface igniter
with little to no flame propagation. Flame propagation was
slightly less than that of Jet-A EXP-4. No spark ignition was
observed. The ignition delay times compared with those found
in the screening tests for 1100°F hot surface. The maximum
heating rates were one order of magnitude to less than those
found for JP-4. Maximum temperature data are illustrated in
Figure 87. Large fuel globs were observed after impact. It
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was concluded that a nonhazardous postcrash fire resulted for
this fuel and igniter source configuration.

The JP-8 base fuel emulsion EF8R-104 tests, with an average
yield strs•ss of 605 dynes/cm2 , both resulted in nonhazardous
ignition and postcrash fires. Both tests resulted in no igni-
tion from either the spark or hot-surface igniters. Misting
was observed from fuel which contacted the hot surface. Fuel
glob size following impact was observed to be slightly less
than for the EF8R-104H fuel. No temperature increase was re-
corded due to the absence of fire. The calculated ignition
susceptibility parameter was found to average 0.1092. A non-
hazardous postcrash fire resulted from these tests.

The tests of the Jet-A based gel #1 with an average viscosity
of 98 centipoise resulted in nonhazardous ignition and post-
crash fires. Both tests resulted in a very slight fire on the
spark igniter which did not propagate further. No ignition
was observed off the hot surface; however, misting of fuel on
hot surfaces was noted. Droplet formation resulted in an
average size comparable to marbles, and little to no misting
occurred. No temperature data were recorded due to a lack of
fire. No ignition susceptibility parameter could be obtained
due to lack of screening test results for gels. A non-
hazardous postcrash fire resulted from these tests.

The tests of the Jet-A based gel #2 with an average viscosity
of 26.6 centipoise resulteI in hazardous ignition and postcrash
fires. Both tests resulte.- in a small mist-phase fireball
propagating from the spark igniter. One test resulted in a
second fire from the hot-surface igniter. Fire spread was
relatively slow but hazardous. Fuel droplet formation ranged
from mist phase to droplets slightly smaller than gel #1. The
maximum temperature data are shown in Figure 87. A maximum
heating rate on the order of 5 times less than for a JP-4 fire
was noted. No ignition susceptibility parameter could be ob-
tained due to lack of screening test results for gels. A
hazardous postcrash fire resulted from these tests.

For each of the spark and hot-surface tests just discussed, the
ignition susceptibility parameter was computed for the emulsi-
fied fuels by using the screening test criteria and the average
measured yield stress of each fuel. The value of the respec-
tive ignition susceptibility parameters is indicated for each
fuel in Figures 85, 86, and 87, where applicable.

Results of On-Board (Engine Simulator) Igniter Tests

To provide a valid statistical analysis for the on-board
igniter tests, three simulated full-scale impact tests were
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performed for each of the ten fuels. Each test was conducted
at an impact velocity of 65 ft/sec. The only environmental
variable between the ten tests was the wind velocity and direc-
tion. Each test was conducted with a wind velocity of less
than 10 mph. The average maximum temperature condition, along
with the associated maximum temperature envelope for each fuel,
is illustrated in Figures 88, 89, 90, and 91.

The ignition and postcrash fires from two of the three liquid
JP-4 tests resulted in instant ignition when the igniter flame
was produced. A violent postcrash fire resulted with rapid
flame propagation on the ground. The timer for the on-board
ignition device was incorrectly set and a 2- to 3-second delay
time between impact and engine flaming (Figure 32) occurred
rather than the desired 0.7-second delay time. The third JP-4
test resulted in a void run, as the burner device malfunctioned
and did not ignite. The maximum heating rates for the two
successful tests resulted in heating rate values that were
slightly less than expected for JP-4 postcrash fires.

All the JP-4 base fuel emulsion EF4R-104 tests, with an average
yield stress value of 351 dynes/cm2 , resulted in instant igni-
tion when the burner flame was produced, followed by violent
postcrash fires. Rapid flame propagation over the ground re-
sulted. One test did not ignite on the initial igniter cycle.
It appeared that the onslaught of fuel over the igniter either
shorted the spark plug or produced too rich a fuel mixture to
ignite. A relight cycle was made with a successful ignition
by the flame, followed by a violent postcrash fire. Small fuel
globs were produced upon impact. Maximum heating rate values
were nearly the same as those experienced with JP-4 fires.
Burn time was longer than for JP-4. It was concluded that the
postcrash fire hazard potential was as great as or greater than
that for liquid JP-4.

The JP-4 base fuel emulsion EF4R-104H tests, with an average
yield stress value of 789 dynes/cm2 , all resulted in an instant
ignition when the burner flame was produced, followed by a
violent postcrash fire. A rapid flame propagation over the
ground resulted. One test did not ignite on the initial ig-
niter cycle. It appeared that the onslaught of fuel over the
igniter either shorted the spark plug or produced too rich a
fuel mixture to ignite. A relight cycle was made with a suc-
cessful ignition by the flame, followed by a violent postcrash
fire. Medium-sized fuel globs were produced upon impact. The
burn time was longer than for JP-4 fuel. Maximum heating rate
values were equal to those expected for JP-4 fires. It was
concluded that the postcrash fire hazard potential was as
great as or greater than that for liquid JP-4.
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The JP-4 base fuel emulsion JP-4 EXP-4 tests, with an average
yield stress value of 712 dynes/cm2 , all resulted in an instant
ignition when the burner flame was produced, followed by a
violent Dostcrash fire. A rapid flame propagation over the
ground resulted. One test did not ignite on the initial ig-
niter cycle. It appeared that the onslaught of fuel over the
igniter shorted the spark plug or produced too rich a fuel mix-
ture to ignite. A relight cycle was made wit-h a successful
ignition by the flame, followed by a violent postcraeh fire.
Medium-sized fuel globs were produced upon impact. The maximum
heating rates were the same as those experienced during JP-4
fires. Burn time was longer than for JP-4. It was concluded
that the postcrash fire hazard potential was as great as or
greater than that for liquid JP-4.

The liquid JP-8 fuel resulted in ignition and postcrash fire
characteristics which ranged from no ignition to instant igni-
tion from the burner flame, with light fire and very slow flame
propagation over the ground. The maximuhm observed heating
rates for this fuel and igniter configuration were found to be
one order of magnitude less than those observed for JP-4 fires.
The maximum average temperature with the maximum temperature
envelope is illustrated in Figure 89. It was concluded that a
nonhazardous postcrash fire resulted from JP-•8 for this igniter
configuration.
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All the Jet-A base fuel emulsion (Jet-A EXP-4) tests, with an
average yield stress value of 1493 dynes/cm2, resulted in
light ignition from the burner flame with zero to very slow
flame propagation over the ground. Very little fuel was con-
sumed by fire. Fuel globs produced from impact were large.
The maximum heating rates observed were approximately one
order of magnitude smaller than for JP-4 fires. The maximum
average temperature and associated maximum temperature enve-
lope are presented in Figure 89. It was concluded that a non-
hazardous postcrash fire resulted with this fuel and igniter
configuration.

The JP-8 base fuel emulsion EF8R-104H tests, with an average
yield stress value of 1623 dynes/cm2 , all resulted in very
light ignition on the fuel tank support arm (from either the
flame or hot surface) with zero to very little postcrash fire
and flame propagation. Large fuel globs were produced upon
impact. The maximum heating rates observed were one order of
magnitude less than for JP-4 fires. The maximum average tem-
perature and associated maximum temperature envelope are pre-
sented in Figure 90. It was concluded that a nonhazardous
postcrash fire resulted with this fuel and igniter configura-
tion.

The JP-8 base fuel emulsion (EF8-104) tests, with an average
yield stress value of 661.4 dynes/cm2 , resulted in two tests
having a nonhazardous ignition and postcrash fire and a third
test having a hazardous postcrash fire. The two nonhazardous
tests resulted in a small flame on the support arm but the
fire did not propagate. No temperature data were recorded for
these tests due to the absence of sufficient fire. The hazar-
dous test resulted in an initial small fire over the support
arm with slow flame propagation. The fixture stopping dis-
tance for this test (10 feet) was considerably below the de-
sign values (18-30 feet) which resulted in a greater quantity
of fuel in the vicinity of the support arm. Once enough heatwas generated, the fuel vaporized sufficiently to support com-
bustion and the fire spread more rapidly. The maximum tempera-
ture data for this test, along with the average for the three
tests, are illustrated in Figure 90. Fuel globs slightly

smaller than for the EP8R-104H fuel were noted after impact.

The maximum heating data were in the order of five times less
than for a JP-4 fire. Due to the atypical Circumstances of
the third test, it was concluded that a moderately hazardous
postcrash fire rating should be given to this fuel.

The Jet-A ba3e fuel gel #1 tests, with an averacje viscosity of
74 centipoise, all resulted in hazardous postcrash fires.
Each test resulted in flame on the support aim with moderately
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slow flame propagation until sufficient heat was generated to
form a more combustible condition, at which time flame propa-
gated readily. Droplet formation was much the same as the pre-
vious gel #1 tests with little to no mist phase observed. The
maximum average temperature data are illustrated in Figure 90.
The maximum heating data were just less than half that expected
for JP-4 fires. It was concluded that a hazardous postcrash
fire resulted for this fuel.

The Jet-A base fuel gel #2 tests, with an average viscosity of
33.1 centipoise, all resulted in hazardous ignition and post-
crash fires. Each test resulted in flame on the support arm
with moderately slow flame propagation until sufficient heat
was generated to sustain continued combustion. Some fire-
balling was observed as fuel fell onto the igniter flame with
a resultant increase in the fire spread rate. Fuel droplet
formation was not unlike that observed in previous tests with
this fuel, and some misting was observed. The maximum tempera-
ture data obtained from one of the tests are illustrated in
Figure 91. No temperature rise data were obtained from two of
the tests because the test fixture traveled out of the thermo-
couple range past the barrier. The maximum heating rate was
found to be in the order of five times less than for JP-4
fires. It was concluded that a hazardous postcrash rating
should be applied to this fuel.

For each of the above sets of tests, the ignition suscepti-
bility parameter was computed for the emulsified fuels using
screening test criteria and the average measured yield stress
of each fuel. The value of the respective ignition suscepti-
bility parameter is indicated for each fuel in Figures 88, 89,
90, and 91, except for the gelled fuel which could not be ob-
tained due to insufficient knowledge of gelled fuel character-
istics.

Several physical characteristics regarding emulsions and gels
were observed in all the simulated full-scale tests but
appeared to be particularly important for the on-board (engine
simulator) igniter. From the previously discussed results, it
was found that the on-board igniter produced a higher relative
hazard rating with gelled fuel than with emulsified fuel or
even liquid JP-8. A discussion of thG various types of ig-
niters with regard to combustible fuel characteristics there-
fore appears to be in order.

It was felt, throughout the screening and simulated full-scale
tests, that the emulsified fuels tended to slip off hot sur-
faces readily. This is probably due to the weight associated
with fuel globs as compared to fuel droplets or fuel film.
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Another factor is the ability of the heat to break down the
interface between the fuel glob and hot surface to form a very
low viscosity medium. Although the emulsions ignite readily
in a contained environment, such as the autoignition tester,
the time which the fuel stays on an uncontained not surface is
generally shorter than the ignition delay time, especially in
a dynamic environment. Contrary to this, however, the gelled
fuels tested tended to stick to hot surfaces and also did not
have the heavier globular form, thus allowing time for igni-
tion. For the on-board ignition device in particular, fuel
impacting and sticking to the igniter and support arm (which
is also hot in the vicinity of the igniter) is easily ignited
by the hot surface or flame.

The various types of ignition sources used in the simulated
full-scale test covered nearly every type of physical combus-
tion between fuel and igniter. For fuels which form a mist
phase upon impact, the spark source provides a catastrophic
ignition source in which the fuel mist is ignited while follow-
ing its trajectory after impact. This condition allows the
ensuing high-energy fireball to propagate throu,,. the fuel in
flight and descend upon any unburned fuel on the ground. The
open-flame igniters, although igniting the fuel in either a
fuel mist phase or fuel droplet phase, do so mainly as the fuel
descends onto the barrier. The hot-surface igniter ignites
fuels after the main portion of the fuel is on the ground (for
instance in pools) according to their autoignition ch.aracter-
istics. For a hazardous fire to result from this igniter,
flame speeds on the ground or in pools must be rapid.

The on-board igniter contains three different sources for igni--
tion of fuel after the fuel has reached the ground: (1) the
fuel on the hot surface can autoignite, (2) the belching flame
can ignite any fuel in its vicinity, and (3) the hot surface
can cause the fuel on it to form a mist which then can be
readily ignited by the flame. In most cases, the third se-
quence of ignition resulted, and this generally resulted in a
more hazardous situation, especially for those fuels which
stayed in the vicinity of the igniter.

With the above types of igniters, some fuels were more hazar-
dous with one ignition system, while others were more hazar-
dous with another ignition system. For example, a fuel which
forms a fuel mist is generally more hazardous with a spark
igniter, while a fuel which does not form a mist and slips off
hot surfaces is more hazardous when accompanied by open-flame
igniters. Further, a fuel which does not form a mist and
sticks to hot surfaces is generally more hazardous when
accompanied by a hot-surface or the on-board type of igniter.
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TEST CORRELATION AND SAFETY EVALUATION CRITERIA

The laboratory screening test data presented in the Test Re-
sults section illustrate the performance and characteristics
of several emulsified fuels under simulated crash conditions.
The measure of safety has been shown to be a function of an
ignitability parameter (ý) which has also been related to an
empirical equation. This equation includes . function of the
characteristic kinetic energy and two constants which appear
to be related to the yield stress and type of test conducted.
If it can be shown that the constants (Vj, Vi and KI, K2 ) in
the equations for the ignitability parameter ('Base Fuel) can
be related anlytically or graphically to fuel yield stress
from the test results, then an estimated value of (%Base Fuel)
versus input wind shear velocity and/or impact kinetic veloc-
ity can be calculated for any emulsified fuel where the yield
stress is known.

Figure 92 presents the constant K1 obtained from the mean data
resulting from the wind shear tests versus emulsified fuel
yield stress. A definite correlation between K1 and yield
stress exists. The bars accompanying the data points repre-
sent .the range of measured yield stresses for which the mean
*Base Feje versus wind shear velocity curves for a particular
emulsified fuel were obtained. Figure 93 presents a similar
relationship for V- obtained from the wind shear data. As
with Figure 72, a Aefinite dependence of Vj on yield stress is
apparent.

Figure 94 presents the constant K obtained from the relation
for the mean data resulting from ihe impact dispersion/atomi-
zation tests versus emulsified fuel yield stress. As with the
wind shear results, a definite correlation between K2 and
yield stress is apparent. Figure 95 presents the constant Vi
versus emulsified fuel yield stress; again, Vi illustrates a
definite dependence on emulsified fuel yield stress.

If the * relationship is known between liquid JP-4 and the
liquid base fuel of a given emulsified fuel, then the values
of •.PD for the emulsified fuel can be estimated from the
following equation:

•JP-4 =(•JP-4)x (•~BaseFel
= J Base Fuel Fuel Emulsified Fuel (36)

As shown previously, for wind shear,
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[ (V. K V V(7
J4 (*JP-4) exp V < V (37)

= -4 Base Fuel

or, if one equates the relationship between the constants and
yield stress, this becomes

ýJP-4 =: (*JP- 4) BsFulexp -[(T27.2 yTr

=Base Fuel ex

VAir) 2 /(23 + 0.029 Ty)2], VAir L_27.2 -N (38)

and for impact dispersion/atomization,

= 1i i~ .~ 2
JP-4 =(•JP-4)Base Fuel exp [-(Vi - V SING) /K 2 ], V SINO Vi

(39)

or

P 4 ( p•JP -4 ) el . (y - 212) - V SIN iI2
ýJP-4 JP-4Base Fuel P1 0.iy-l/

(9.5 + 0.035 y) 2$ V SINO.4 10.63 (---Tr - 212) (40)

Assuming a maximum crash survivability velocity of 65 ft/sec,
the maximum expected wind shear veloc..ty would also equal 65
ft/sec. Using a 45-degree average impact angle, the maximum
impact survivable kinetic velocity is 46 ft/sec. Thus, the
safety performance criterion for wind shear can be based on
the value of *JP-4 at a wind shear velocity of 65 ft/sec.
Likewise, the safety performance criterion for fuel impact can
be based on the value of ýJP-4 at a kinetic velocity of 46
ft/sec.

For the fuels testee *n the laboratory screening tests study,
Table I lists the safety performance of these fuels from a
wind shear standpoint.

Table II lists the safety performance of the fuels tested ob-
tained from an impact' dispersion/atomization standpoint.

The smaller the value of *JP-4, the safer the fuel is expected
to be. In both types of crash environments, a characteristic
value of 'JP-4 exists below which the performance is considered
safe from a postcrash fire standpoint. This limiting value
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TABLE I. WIND SHEAR SAFETY PERFORMANCE

Safety Performance
Fuel Parameter, JP-4

jP-4 1.000

EF4R-104 (Ty = 437 Dynes/cm2) 0.074
EF4R-104 (T = 645 Dynes/cm ) 0.044

-- y

SEF4R-104 (T y = 1400 Dynes/cm 2 0.028

EF4R-104H (Try = 1192 Dynes/cm 2) 0.020
EF4R-104H (T = 1886 Dynes/cm 2) 0.014

y

JP-8 0.80.
EFS-104H (Ty = 1000 Dynes/cm ) 0.053

TABLE II. IMPACT DISPERSION/ATOMIZATION SAFETY PERFORMANCE

Safety Per forrance
Fuel Parameter, * JP-_4

JP-4 1.0
EF4R-104 (Ty = 508 Dynes/cm2) 0.763

y

EF4R-104H (T = 1143 Dynes/cm2 ) 0.303

y

JP-8 0.166

EF8-104H (T = 755 Dynes/cm2 ) 0.099

y

was quite precisely determined as the primary result of the
simulated full-scale tests (see Figures 96 and 97). The actual
limiting value JJP-4 in a full-scale environment could not be

obtained without the simulated full-scale verification. With
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this additional information, the screening tests can be u&ed
to assess the full-scale safety performance of a specific fuel.
An alternate approach to the determination of this limit was
also illustrated in the impact ignition tests where specific
ignition limits were found as a function of the parameter
*JP-4" This lacter method was much less reliable, as pointed
out previously.

In comparing the results of the nozzle shear tests, it was
found that the data from these tests indicated the same trends
as those found in the wind shear and impact tests. A direct

- correlation was not apparent, as was the case between wind
shear and impact data, since the mechanisms were character-
istic to each test system. It is significant, however, that
the data from each type of test resulted in the same general
trends and could be represented by the same form of empirical
equation. The constants V-, V.j and KI, K2 , therefore, are
not only a function of inpit shear loads and yield stress but
depend upon test facility conditions also.

In comparing the safety performance parameter results between
wind shear and impact dispersion/atomization as illustrated in
Tables I and II for JP-8 and emulsified JP-8, there appears tc
be a discrepancy. The values of the safety parameters for
these fuels should correlate more closely with respect to the
other fuel data. For example, the value of 0.8 for JP-8 in
the wind shear results should more closely represent the ratio
of vapor pressure between JP-4 and JP-8, as was the case for
the impact dispersion/atomization results. It is felt that
this discrepancy may be due to an instrumentation error in the
calibration of fuel/air ratio for the JP-8 and EF8-104H wind
shear data. Investigation of the calibration data results in
a possible change in these values by a factor of 0.57 which
would result in a wind shear safety parameter value of 0.43
for JP-8 and of 0.028 for EF8-104H.

It has been shown that safety apparently increases with an in-
crease in yield stress for the same base fuel. However, other
sources, as discussed under Analytical Considerations, have
indicated mechanisms which might reduce the safety of an emul-
sified fuel by increasing its yield stress. Here it was hy-
pothesized that increasing the yield stress decreases the
critical stress and, in turn, decreases the shear energy nec-
essary to break up the fuel. The physics for these effects
appears to be sound. However, such a situation was aot ob-
served directly in the data obtained in this program, except
possibly in the impact ignition tests where ignition of the
higher yield stress EF4R-104H occurred more readily than thelower yield stress EF4R-104. Although, generally, no trend to

more extensive breakup and atomization with the higher yield
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stress fuels was observed, the yield stress values tested may
not have been high enough to display this effect under the test
conditions studied. Therefore, it is felt that if higher
yield stress emulsions (in the relaxed state) than those tested
here are to be considered, they should be screened through
testing to verify the absence of these effects.

The discussion of the simulated full-scale tests in the Test
Results section presented the observed (visual and photo-
graphic) and recorded results associated with the three ig-
niter configurations and the 10 fuels tested. The performance
of the fuels was presented as either a hazardous or nonhazar-
dous postorash fire condition. The ground rules on which a
nonhazardous condition exists were based on the probability of
whether there would be sufficient time available to allow a
surviving human to egress the aircraft. In most cases for the
test resulting in a nonhazardous condition, fire intensity was
so small that neither an aircraft burn-through hazard or a
ground fire hazard for occupant egress would have been en-
countered. For border-line observations, the temperature data
were extrapolated to a full-scale condition to insure at least
an order of magnitude increase in aircraft burn-through time.

Table III presents a synopsis of the postcrash fire hazard re-
sults for all three igniter configurations used in the simu-
lated full-scale impact tests. These results for emulsified
fuels may be generalized through the application of screening
test criteria as discussed below.

By computing and comparing the ignition susceptibility param-
eters V for each of the fuels tested, a value can be obtained
for ý which represents the limiting, nonhazardous condition.
This limiting value of * (above which a hazardous condition
may exist and below which a nonhazardous condition exists)
allows full-scale safety performance predictions on the basis
of the screening test results. Figure 96 presents the simu-
lated full-scale data obtained from the open-flame and spark/
hot-surface igniter tests. For each test, a value of * was
computed using the measured yield stress and the screening test
performance equation applicable to the impact dispersion/
atomization condition. This computed value was plotted versus
impact kinetic velocity (VSINe.). In Figure 96, the shaded
data points denote nonhazardous postcrash fire conditions
while the open data points denote hazardous postcrash fire
conditions. The indicated limiting value of * from Figure 96
is 0.12.

It is observed that the test results for the open-flame igniter
tests did not differ appreciably from those of the spark and
hot-surface ignition tests. Although the open-flame test was
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initially considered more severe from an ignition standpoint,
this observation allowed the data from both series of tests to
be plotted together in Figure 96.

Figure 97 presents the simulated full-scale data obtained from
the on-board (engine simulator igniter) tests. As in Figure
96, the value of * for each test is plotted versus kinetic
velocity. The shadcd data points denote nonhazardous post-
crash fire conditions while the open data points denote hazar-
dous postcrash fire conditions. With the on-board igniter, a
limiting value of * was obtained as 0.16. However, since it
must be assumed that any ignition source could happen during
a crash, the resultant limiting value of * must be chosen as
0.12.

Figure 98 presents the simulated, full-scale data obtained
from the Jet-A gels. The data are plotted in terms of the im-
pact kinetic viscosity in centipoise. Specification of an
ignition susceptibility parameter similar to that obtained for
emulsified fuels was not possible due to the lack of informa-
tion on the safety characteristics of the gels. There appears
to be no definite limiting value of viscosity for which the
gelled fuel performs in a nonhazardous manner. A hazardous
condition existed for every on-board igniter test performed on
gels. The chemical structure of the two gels was unknown; how-
ever, it was known that each manufacturer had a different
formulation. This would further complicate the correlation
between the two gels. The intent of testing the two gelled
fuels was to offer a safety comparison between emulsions and
gels under identical test conditions. The Jet-A gel #1 per-
formed much better than the Jet-A gel #2. In the open-flame
and e Dark/hot-surface igniter tests, the Jet-A gel #1 performed
equally as well as the JP-8 emulsions; however, the on-board
igniter tests all yielded a hazardous rating.

In addition to the fuel formulation, it was found that wind
velocity and direction had a great deal to do with the heating
rates and temperatures measured in the tests. Therefore, accu-
rate temperature-heating rate evaluation becomes difficult.
However, with the temperature data obtained, definite trends
were apparent as to the effects the parameter * had on probable
energy release and aircraft burn-through characteristics. Al-
though many tests did not indicate a temperature gre tter than
400OF at the temperature probes, Figure 99 presents an approxi-
mation of the effect of * on the time to reach 400OF for open-
flame and spark/hot-surface igniter data. The data shown
follows an empirical equation involving * which may be ex-
pressed as

t = 2.8 + exp (0.19/i) (41)
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Figure 98. Simulated Full-Scale Test Results for the
Gelled Fuel Tests.
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Although no apparent scientific basis exists for this equation,
it does portray the trend which was observed in the tests.

Figure 100 presents a similar curve for the on-board igniter
tests with p plotted versus the-time to reach 4001F at the
temperature probes. The empirical equation fitting this data
takes the form

t = 6.0 + exp (0.162/*) (42)

An analysis was conducted to extrapolate the simulated full-
scale situation to an actual full-scale environment. This in-
volved utilizing the maximum indicated heating rate for each
test, assuming an unlimited supply of fuel, and calculating
the time at which aircraft burn-through occurred (skin tem-
perature = 1100 0 F). The analysis presented in the Analytical
Considerations section of this report was employed for this
extrapolation. The extrapolated resultant times were plotted
versus * in Figure 101 for tlhe open-flame and spark/hot-
surface igniter data and in Figure 102 for the on-board ig-
niter data. In both cases, the effect of * on burn-through
time is an exponential function with the exponential constants
being equal to those found in Figures 99 and 100, respectively.
The curve-fit equations for each set of data are shown in each
figure.

The data obtained in this test program back up those obtained
in the prior screening test analysis. The safety performance
of a given emulsified fuel in both test programs has been
shown to follow a yield stress dependence. Furthermore, the
results obtained in the simulated full-scale tests provided
empirical definition of the limiting value for the ignition
susceptibility parameter. Knowledge of this limit allows the
screening tests conducted previously to be utilized in deter-
mining the safety of any fuel. A value of 0.12 for the igni-
tion susceptibility parameter was found to be the upper limit
of a nonhazardous environment. The only fuels tested which
exhibited a value of 0.12 or less at the maximum crash sur-
vivable conditions were the JP-8 base fuel emulsion EFSR-104H,
the JP-8 base fuel emulsion EF8R-104, and the Jet-A base fuel
emulsion Jet-A EXP-4.

145



E4H

tfl4

>0

$U4 fn

0

47T'

434

4) 9

00

-41

146



K4,

'44

+0

E4 'j4

Er4 r14

M- 106 . ......

44 04

4A

1474

I i- IL -J$



+

E4-
Uo "ML L

r-l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r H) 8 lC ... .. )L

Il a11 i lc

E-4 fit lifill.. ... 006'

Ln -4 ..... I ll ill0 4J H

-Wi I l I l 4 (

4' - it33W~ XJI'1fU4D l Ill 9kV 0
cn to[IllI - ILL

V .. .. .. .. .. .. .IllI148



CONCLUSIONS

The following conclusions are drawn as a result of this test
program:

1. The results of this test program verified that
kerosene-base emulsified fuels are an effective
method of reducing the postcrash fire hazard.

2. The screening test configurations and procedures
that were designed and utilized in this program
are valid correlative mechanisms representative of
the crash environment on a laboratory scale.

3. As opposed to the high-rate atomization and dis-
persion characteristics of liquid fuels, emulsi-
fied fuels were found to resist atomization and
dispersion when subjected to identical crash en-
vironmental conditions.

4. Once certain physical properties are known, emul-
sified fuel fire-hazard susceptibility ratings can
be predicted based on the empirical relationships
generated during this program.

5. A critical ignition susceptibility parameter
value was obtained which allows screening test
criteria to be useful in predicting crash im-
pact performance in the full-scale environment.

6. For the emulsified fuels tested, the dependence
of yield stress and internal phase, base fuel
composition on the safety of fuels was shown.

7. Three emulsified fuels were found which portray
a nonhazardous postcrash fire environment within
the crash survival envelope: (1) EF8R-104H,
(2) EF8R-104, and (3) Jet-A EXP-4.

8. Gelled fuels, although not performing as well as
emulsions in a crash environment, strongly indi-
cated a sizeable safety advantage over liquid fuels.

9. The Jet-A gel #1 performed much better in a crash/
postcrash fire environment than the Jet-A gel #2.
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I
RECOMMENDATIONS

Based on the results of this program, it is recommended that:

1. Screening tests be conducted on the EF8R-104 emul-
sion to further verify its safety performance cri-
teria.

2. Screening tests be conducted on the Jet-A gel #1,
the Jet-A gel #2, and one or more higher viscosity
gels to obtain safety performance criteria for
gelled fuels.

3. Development of a JP-8 or Jet-A internal phase emul-
sion with a ýield stress in the order of 300 to
400 dynes/cm be pursued to ease aircraft fuel sys-
tems compatibility, if followed by an appropriate
safety screening evaluation.

4. Full-scale helicopter crash tests be conducted using
an optimal nonhazardous emulsified fuel and an opti-
mal gelled fuel to further verify the safety of
modified fuels.

5. Aircraft fuel system compatibility tests be performed
to determine system operational criteria when emulsi-
fied fuels are used.
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APPENDIX I
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APPENDIX II
I14PACT DISPE1RSION/ATOMIZATION TEST DATA
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APP'ENDIX III
IMPACT IGNITION TEST DATA
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APPENDIX IV
SIMULATED FULL-SCALE TESTS DATA

00 0 0 0 0l 0 0

00 0 0 0 000 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 10
14 10 - 0 0 14 1 4 8 0 1 14 4 1 40 . 0 01 . 0 v4 V4 14

0~ ~ ~ ~ Z 0 4C 0 0 01 0 0 0 0 04~ z ~ ~ z =M z z z Z :

14 4 .-4 -4 -4 -4 H1 N N N ('4 N t' N N N N4 N4 N N4 m m

VV

0o H 0
0 1 o N m N' m, HD H 0nV c,

Ho -0 04 N o o 0 0 0 o o -,4 '

0

0 .. H: N; Hý N; N N N w N N H H H H H H H H H N N NH

(12,

z . 0 ,0 0 0 0 N N 0 0 N

00 - -a 0 0 0 0 0 I I I 0 0 0 0 0) 0 0, 0, 0 0, 0

c 00i.m

(4 0.4

In 0 0 N 0 H U, (A 0 o o 0 0m, (

14 04 04 04 0 04 0 04 0 04 0 0 0 0 0 0 0

14-410

H N Ir 14 > 0 .

117



10 Id-0- - 1

00

'1 0 aI aI LI LI4 0 ( I L I 0 0 0 LI 0 0 0 0
0 00 0 0 8, Z O

00

0C 0

41 .4 4

In

> 0)
14 -A4 0 4 n .
1 0~ f- CO W1 Cq * V~ V0 V1 V r - V1 01 Wn 0 0

k 4 .4 N 0 41 0 1 ý4 (n m1 0 0 01- cy c0 01 01 N4 N401 0 -4 4 v4 .4

~41 9

440 -a 0 OD (V CO aN 0 01 0 CO (10 (D OU W 0 CO CO CO C 0 CC, OD 1(0 O
w4 C4 C44 N N4 N4 4 N4 N4 C-3 N4 N4 C-4 N4 -4 4 N

00

00

0 0 . . . %n ( fu : %a %0 0110 1 01 %0 0D 01 %0 01 %0 01 %0 0 1 %r .%a %0 %0 01 L

.0n1to u 1 41
0 U) 0AU)W.

.4 4141

o 0O 10 in '0 in in In m4 ' n in U0 10 n w0 0 '0 in in .4 10 0 m c4 0

>4 
00,

01 01 (n M r , .1 01 f, a LI--4 a M w LMen N
%U4 0% 0 1 01 m a m a 01 1 O1 01. m10 0 01 01m m m 0 1 As

10~ 1 4J1I

u -4

0 D W4 CO C 4 C n c n w n r D4

.4 01 r- I' N1 m4 e- 1 " 0n in m 0 w 4 01 . 01 co m4 10 N4

04 M1 0 01 0 01 0 01 01 01 01 01 01 0 01 01 01 01 01 01 t 01 40

00

14 10 w1 01 0 . 1 01 01 01 N0 i " 0 -4 m4 a, 10 01 -4 I
(. '. 4'. 4' 01 %' 01 0' "' In 4'. %D. I'0 -n ' ' t~ 0 1 10 N a

fn 0*w.40

6 .4.- A, I
.4~~ ~ 94t- . 4 N N . 4 .49-4 01 1 01 0 01 01 01 04 . N 00

.4~~1 .4% ..4 .4% .4 .4 .4 . 4 .4 . 4 .4.

0F 0410 00v D N 0 9 9 . -

v40 0 1 w4 No 01 a4 m 0 01 01 w in 01 10 10w
C4 Z4 . 4. . 10

01172



4) 0 ~ 0 0 0 0 -

c 14 ,4 : 4 14 $1 14 0 :1)
0) O ) 4 do '4 0 0Or 0 0 0 0 0 0 0 1

1. N 0.4 N N.. V0 -10VV V V V0 0

o t4) .0 r N: r4 N
0 'a : 0 0 0 0 4) 4Z 4 4) 4 4) ) 4) )
z z- Z z Z

44)

143

14 0)

-. 0. 1 4 N N c4.- N N A N) $' ~ 4

44 ~ 0

w) -4 4 0 ID I ID D D %D Iv %D I I& w o ID ID .

.4~I I 4D4

4)4

14

oo

14 CA;

m m 14o ; .x g.. t u c;m c c a. i. g . 4)a r

4)c O4) (4) 04 04 w 04 04 u 4 -0 04 0 4 4 0D4 0

c* Io A 4W14 V 4 J 4A4)4

0 v 44

IA A I IA IA 40 40 m IA w0 oA I A I A 0

1734


