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FOREWORD

This final report documents work performed by the Dyrnamic Sclence
Division of Marshall Industries, 1900 Walker Avenue, Monrovia, Califomia.
This effort was sponsored by the Air Force Aero Propulslion Laboratory, Wright-
Patterson Air Force Base, Ohlo, under contract NO F33615-67-C~1553 in
support of Air Force Project 3048, Task 304807, "Aerospece Vehicle Hazard
Protection.” The period covered by this work was from 31 March 1967
to 30 June 1968. All technical phases of this ccntract were jointly monlitored
by NASA, FAA and the Air Force with Mr. B. P. Botteri of the AFAPL(APFL)
responsible for overall program administration. Mr. Norman L. Helgeson
of Dynamic Science was technically responsible for the work. Other
Dynamlic Science personr.el contributing to the contract were: B. R. Lawver,
Laboratory Supervisor, W. R. Yates, Research 3taff, B. P. Breen, Director
of Combustion Research, and members of the staff of Dynamlic Science's
AvVSER Testing Facility. This report was submitted by Mr. Noman Helgeson
30 November 1968.

Publication of this repcrt dozs not constitute Alr Force Approval
of the report findings or conclusions. It is published only fcr the exchange
and stimulation of ideas.

’(-‘!’{L » /\j II’Y’" L A
7o Arthur V. Churchill, Chief
Fuels, Lubrication and Hazards
Branch
Support Technology Division
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AESTRACT

The severe operating envirorment &ssociated with advanced
supersonic and hypersonic flight causes conditions which may significantly
reduce the fire safety of these flight systems. The new problem arezs
arise, in part, from the high temperature produced by superscric flight
through the atmosphere and also from new design conceprts. The nature
and causes of new fire hazard problems were described in detall in Ref. 1

eénd those ereas requiring further study were pointed out in that survey
report.

The purpose of this work wa¢ to suppienient survey reports which
could only postulate problem areas but could not define absolute limits. Thafy
was accomplished by carrying out experiments which determined the actual
conditions for which a potential fire hazard might exist.

The thermal ignition boundaries for two potential SST fuels as a
function of the fuel/air ratio and pressure were defined using a small {1.5 ft*)
test tank in which the fuel and air were uniformly mixed. The effects of
wall heating rates, cool walls, and several typical fuel additives on ignltlon
temperature: were also determined. Finally, a large test tank & 15 ft ) was
designed and constructed in order that anticipated nonuniformities fn Internal
fuel tank conditions could be simulated by prograrnming dynamic SST flight
profiles. It is also anticipated that the large test tank will aid in extrapclating
experimental results to full-scale systems. The large tank was tested with
several flight profiles and was found to be capable of reliably simuiating
flight pressure and temperature profiles. Data runs with the larger tank
using two different fuels showed that luminous reactions appeared during
the descent portion of simulated SST flight profiles.
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SECTION 1
INTRODUCTION

The severe operating environment associated with advanced supersonic
ard hypersonic flight systems causes conditlons which may significantly reduce
the fire safety of these systems. The problems associated with these high per-
formance flights inciude most of those present in conventional aircraft operation
as well as some additional problems not present in subsonic alrcraft. The new
problem areas arise, {n part, from the high temperatures produced by supersonic
flight through the atmosphere and also from new design concepts which affect
fire hazards. The possibllity that the major fuel storage areas may be in the
fuselage for a supersonic transport, for example, poses problems which differ
from those associated with wing tanks in conventional subsonic aircraft. In
order to assure adequate margins for fire safety in these systems, lt ls necessary
to flrst define the nature of the fire hazard and the operating conditions under
which the hazard exists and then to develop design criterla or fire protection
techniques to provide the necessary fire safety capability.

An Investigation to define the various hazardous situations which could
arise because of the existence of a combustible mixture and an ignition source
during SST flight was initlated by the survey report "Fire Protection Research
Program for Supersonic Transport” (Ref. 1). A comprenhensive and critical analysis
in terms of the various phenomena that might be expected to occur during SST
flight was provided and several areas where additional experimental data were

consldered necessary for the evaluation of possible hazardous situations were
indicated.

A particular fire hazard problem which could arise Is assoclated with the
fuel tanks and results frcm the aerodynamic heating of SST fuel tank walls at
Mach 2.7 - 3.0 flight speeds., Temperatures up to 500°F and flight altitudes to
70,000 feet are anticipated and the nature and extent to which these conditions
could cause oxldation and combustion reactions (o occur within the fuel tanks
were not well defined. Slow oxidation reactions, cool flames, and normal igni-
tions resulting from elther single or two~stage ignition processes could all occur.
Of course, it is the normal ignition that is of major concem to aircraft desligners
berause of its greater potentlal to cause structural damage t» the aircraft., But the
occurrence of the oxlidation and cool flame reactions are of importance as they
could induce a nomal ignition to occur within the fuel tank via a two~-stage
ignition process. Because of the (uJestionable margin of safety that exlists (n
these situations an experimental program (Ref. 2) was undertaken to provide a
more definitive basis for evaluating the fire hazard and also to consider means
of controlling it. Experimental data were obtained to determine the temperature
zones of luminous reaction and lgnition for mixtures of JP-4, JP-6, a low
volatility fuel FS65-3 and n-decane In air. As practical fuels are mixtures
of varlous hydrocarbons,the pure hydrocarbon, n-decane, was included to
serve as a reference polnt. Variables in the tests were the fuel/alr ratio and
pressure. The Ignition characteristics of these fuels in the presence of
potential flame inhibiting agents and under conditions of simulated alrcraft
descent showed that luminous reaction limits extended to fuel/air ratlos ot
several times those predicted for normal flames (Ref. 2).




In the current program additional studies were completed on the
fgnition characteristics of two additional candidate SST fuels, Turbine Fuel
Type "A"and JP-5. A small (1.5 ft?) test tank allowed ignition phenomena
occurring under conditions simulating SST flight to be studied. It was
desired to make the test equipment sufficiently small so that it would be
adaptable to laboratory operations, but at the same time it was necessary
that the test chamber be large enough to eliminate wall-quenching effects.
Other features were incorporated so that the temperature of the tank wall and
the pressure in the tank could be controlled at the desired levels and so that
aporopriate measurements could be made. Temperature zones for luminous
reactions and autogenous Ignition were mapped for a range of fuel/alr com-
position ratios at several pressures. Additional tests determined the effect

that wall heating rate, a cool wall, and typical fuel additives have on the
zones of ignition of fuel/air mixtures.

Concurrent with the conclusion of the small tank test program a
large tank was constructed in order to extrapolate the small tank tests to
more realistic conditions of size and pressure/temperature dynamics. This
tank possesses the capability of dynamically simulating internal fuel tank
conditions for long term SST flight profiles. Because of its size and com~-
plexity a conslderable portion of thie program effort was involved in assembling
the test tank with its various controls and instrumentation. It Is located at the
Dynamlic Science AvSER Testing Facility in Phoenix, Arizona. At the end of
the current program the tank had been used successfully to obtain data during
ten (10) experimental SST flight profiles.

Dynamic flight profiles with the large tank demonstrated that
luminous reaction zones exist, as they did in the small scale tests. Thus
results of tests conducted with this tank serve as a check on the results ob-
tained from the small tank tests and also can be used to define Influential
scaling parameters.
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SECTION II
SMALIL TANK STUDIES

Flame boundary studies previously reported (Ref. 2) have been
extended to Turbine Fuel Type A-and JP-5 in the present program. Thase
boundaries consist of determination of the luminous reactlon zones and
autogenous ignition temperatures for fuel/air mixtures at several pressures
and compositions. So that the results may be used for evaluating the poten-
tially hazardous conditions which may exist in the SST fuel tanks during flight
the experimental conditions and procedures that were used were chosen to
simulate, to a large extent, the actual SST fuel tank conditions.

A detalled description of the small SST fuel tank simulator Is providecd
below and the sections following it describe tests that were conducted, the
test procedures used and the results obtalned.

1. APPARATUS

The small SST fuel tank simulator (1.5 ft*volume) Is shown schematically
in Figure 1. It {s constructed of 0.950 - 0.010 inch stainless steel and is
twelve inches in diameter and twenty-five inckes long. The upper hemis-
pherical end s removable to permit free access to the interior of the vessel.

The vessel is designed to withstand a pressure of 300 psia. A continuous
coll is wound around the outside of the tank to provide for rapid cooling by
the passage of a suitable fluid through these coils.

The tank is heated by four heating elements with a total power rating
of 2.8 kilowatts. The power input to the individual heaters can be varied so
that a uniform wall temperature may be maintained. The temperatue of the wall
{s monltored by four thermocougles attached to the exterior of the tank. These
thermocouples are shown at TC! through TC'. The vapor temperature Is measured
at four elevations within the taﬁk by thermo&ouples which are shown as TC!
through TC:',. v

The tank is equipped with a burst disc assembly fitted with a 2" burst
disk with a rating of 105 psia at 72°F. It is also equipped with a Pyrex window
which was used for either photometric or photographic detection of light emitted
during the studles. The reaction pressure is monitored by a 0-30 psia pressure
transducer calibrated against a mercury menometer. Fuel, alr, and additives
are added to this chamber through a port near the top. The chamber is also
equipped with twe gas s2mpiing probes, one seven Inches from the top and the
other seven lnches from the bottom.

2. FLAME BOUNDARIES

Ignition boundary data for the candidate SST fuels: (TFA) Turbine Fuel
Type "A" (ASTM-D-1655-66T Jet A) and JP-5 are presented In this report, Data
were obtalned as a function of pressure and initial vapor phase composition of
the fuel/alr mixture. A specification sheet for TFA is given In the Appendix,
Table I. JP-S was provided by the Alr Force.
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8. Test Procedure and Definitions

In each test, the test tank (Fig. 1) was evacuated and heated to
300°F. A prescribed amount of liquid fuel was then Injected into the tank
where it evaporated. Air was added to yleld the desired fuel/air ratio and
total pressure. The ratio of the fuel pressure to that of the air pressure with-
in the tank was used to determine the initlal composition for the test which
was reported on a volume~per cent basls.

After the desired sampla was obtained in the test tank the test was
initiated by uniformly increasing the temperature of the tank and {ts contents
at a rate of approximately 20° F/minute up to a maximum temperature ~f 650°F.
Throughout the course of the test the pressure was held constant by apnropriate
use of a pressure regulating system. The outputs from several of the tii_vmno-
couples, the photomultiplier tube, and the pressure transducer shown in Figure 1
were monitored on strip chart recorders. Tests were conducted for initlal fuel/
alr volume compositions of 1, 3, 5, 10, 20, 30, and 40 per cent at pressure
levels simulating flight altitudes of sea level, 20,000, 25,000, 40,000, 60,000,
and 80,000 feet.

The data obtained were of the form shown in Figure 2. It was recorded
on separate Instruments that were set to the same time scale and the traces
have been superimnosed here to show the correspondence of the measured
parameters. The three traces represent the output of a photomultiplier tube,
a pressure transducer and a vapor phase thermocouple, and the results shown
distinguish the two types of flame phenomena that were observed to occur.
The first, which s called an "ignition" was identified where light, temperature,
and pressure changes occurred coincident to one another. The light intensity was,
in general, very high at these times and In most cases was off-scale. Both
cool-flame and normal-flame ignitions are included in the term "ignition" (see
Discussion Section). The second type of flame phenomena observed In these
tests was one for which light emission was detected but for which no temperature
or pressure perturbations occurred. This phenomenon is referred to as a
"luminous reaction. " In the test results of Figure 2 "luminous reaction" is
seen to occur both before and after the time of ignition and its occurrence
extends over a period of time.

Figure 2 shows that the pressure was maintained at a constant
value during the test except for an abrupt increase following the "ignition."
The rate of retum of the pressure of the system to the value existing prior to
ignition was controlled, of course, by the characteristics of the constant pressure
regulating system. The change In pressure that was measured may be used
as an indication of the relative strength of the ignitions which occurred during
the tests.

The irdicated temperature change at i{gnition does not accwately repre-
sent the maximum temperature change obtalned in the vapor phase. The thermo-
couples were contained in stalnless steel sheaths to prolong their usefulness,
and as a result, the sheath introduced a time lag which prevented monitoring
changes in temperature environment that were faster than one cycle per second.
The temperature response was sufficlentiy rapid, however, to provide conflrma-
tion of the occurrence of ignition. The leveling off of the temperatures after
fgnition is due both to the expansion of the combustion gases as the pressure
returns to Its original value and to the transter of thermal energy to the walls
of the test tank.
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b. Test Results

The large amount of test data that has been accumulated is pre-
sented in tabular and graphical form. Generally, the experiments (nvolved
heating a specific fuei/air mixture at a specified simulated altitude and
observing the temperature at which the luminosity and sequential flame
occurred such as in Figure 2. The tabulated data for TFA/alr and JP-5/alr
present a complete summary »f all data recorded; while the graphical presenta-
tion {s an attempt to present this data in more usable or more iaterpretable form.
The large number of graphs demonstrate both the range of luminous reactions
and the temperatures .of Ignition for

(1) Altitudes from zero to 80,000 ft for each fuel volume percent.
(2) All fuel percentages for each altitude.

Turbine Fuel Type A. The results of the flame boundary tests for TFA
are given in Table VI in the Appendix. The test results are grouped acccrding
to the initial composition for the test and are listed in an order of decreasing
nressure within each group. In tests 1-28 the amplification of the photo-
multipllier tube recording circuit did not Indicate the presence of low level
light emissions. The photomultiplier signal was amplified in later tests and
luminous reactions were observed. Those tests conducted without amplification
of the photomultiplier signal are indicated by the letters, "W.A." in the column
under luminous flame temperature.

The Individual tests plotted in Figures 3 to 9 show observed ignition
temperatures versus simulated altitude (pressure) for a particular {nitfal composi-
tion. Each test is described by a vertical line and the square associated with It.
A solid line represents the occurrence of a luminous reaction. The square
represents the occurrence of an “ignition” which Is accompanied by rapid
changes (n the temperature and pressure of the mixture, and dashed lines
represent continulng tests where no observable reactions occurred. Luminous
flames sometimes persisted to temperatures above the scale of the Figures
and this s indicated by an arrow at the limit of the plot.

A falr amount of scatter does exlst in the Ignition limit data, Therefore,
ac is typlcal of the statistical nature of ignition limits, the specification of
a lower ignition limit {s not justified. However, the ignition temperature
appears to decrease with Increasing pressure as in Figure 10. In an attempt to
uncover an experimental condition which could lead to conslistent scatter in
the results the variations in heating rate were examined. The nominal heating
rate for the tests was 20°F/min, but experimentally this heating rate ranged
from 17-28°F/min. However, no consistent deviation of the results could be
attributed to vartation in heating rate,

The accuracy of the temperature measurement might als be considered
as a possible source of ignition scatter. Extensive data on the test tank
temperature profile are given In the section on cool wall tests. These data
indicate that temperature variations that may exist within the tank could not
account for the amount of scatter in the ignition data that is reportud.




The data for the occurrence cof an ignition in Figures 3-9 have been
replotted in Figure 10 and a line indicating 3 lower ignitior lim{t has been
drawn. As mixtures of all compesitions are .ncluded on the figure the lower
ignition limit applies to that mixture having the lowest autogenous ignition
temperature at the specified pressure. Several of the experimental points are
at considerably lower temperatures than the others and this fact again points
out the statistical nature of raw ignition data. However, as the tests were
run from the point of view of determining margins of safety for aircraft opera-
tion the lower test points must be considered in specifying 2 lower ignition
limit.

The data can be cross-piotted as shown in Figure 11 using pressur
(altitude) as a parameter. A lower ignition limit is indicated for the data taken
at each altitude. The curves shown were drawn 10 include the lowest measured
{gnition temperatures and within the scatter of the data then exhibited in general,
a monotonic Increase in ignition temperature with altitude as might be expected.

jP-5. The results of tiie flame boundary tests for JP-S are given in
Table VII of the Appendix, and, In general, the same comments apply here as
were made regarding the results for TFA. The data are presented graphically
in the same manner as was done with TFA in Figures 11 to 16. A composite
of the ignition data is plotted In Figure 17 and a lower ignition limit Is indicated.
Figure 18 shows a cross plot of the data with altitude as a parameter. (See
Figure 35 for an example of how the lower ignition limit was specified from the
results of tests conducted at a simulated altitude of 25,000 feet).

c. Discussion

The test results are largely self-explanatory presentations of
the limits wilthin which ignition has or has ot been observed. This discussion is
an attempt to clerify what was observed and to compare the limits with other data.

Vapor Composition. As chemlcal analyses of the vapor phase were
not obtained during the tests other than for the initial ratio of pressure, the
compositions were reported in terms of the initial compositions. For the cases
where no chemical reaction occurred in the test tank during the Leat-up period
of a test the initlal composition would be an accurate indication of the condi-
tions which existed at the time of ignition., However, some chemical reaction
probably did occur during the heat-up period, particularly in those tests where
a "luminous reaction" was observed prior to ignition. The Initial compositions
that were used, however, seemed to provide a complete range of compositions
that would be of interest in these tests. That Is, the F/A ratio varied from 1-40
volume per cent and the severity of the ignitions that were observed had decreased
to very low levels for the high F/A ratios (see Tables Vi and VII in Appendix).

Flame Terminology. Some further consideration of the flame termino-
logy discussed above will be %lven at this point. The "cool flame," in general,
Is ¢ low-temperature (400-500°F) reaction that results in temperature and
pressure changes of relatively low order (e.g. temperatures changes up to 180°F).
it is an incomplete reaction (i.e., it does not proceed to thermodynamic equili-
brium) and because of this it n y appear and disappear several times in a given




test. It occurs over wide ranges in composition. The 'normal fiame™ !s @
very energetic reaction producing lsrge changes in temperature/presszure and
fcllows either a single or two-stage ignition process. (Note: this is in
contrast to some references where a normal flame is distinguizshed from 3 2nd
stage flame, Ref. 3).

If a normal flame occurs by a single stage ignition process it occurs
only over a relatively small range in composition. Table II shows the composi-
tion limits for a single-stage ignition and the variation o these limits with
temperature for a representative hydrocarbon, n-pentane, (Ref. 1).

The twe-stage Ignition process may occur over a relatively wide range
of composition and gets its name from the fact that the normal flame Is preceded
by a cool flame which y!zids certain intermediate reaction products required for
the second-~stage ignition. The severity of the reactions resulting from this
second-stage igniuion may range from pressure/temperature changes only
somewhat greater tran is obtained from cool flame ignitions to the changes
that are nearly as great as those associated with the single-stage ignitions.
Additional discussion regarding the two-stage Ignition process may be found
in References 3, 4, 5, and 6. The main point {s that the two-stage (1. cool
flame to 2. normal flan:e) ignition process occurs over wide composition ranges
while f.ame severity decreases away from the narrow single-stage limits.

The inltial compositions that were used :n . = tests ranged fiom 1-40
per cent py volume. Since the lean and rich limi*.- %:r normal combustion of
turbine fuels are approximately 1 and $% by volume, in tests where the composi~-
tion was initlally much greater than 5%, the ignitio: must have cccurred via
a second-stage ignition process which followed either a cool flame, or possibly,
a prefleme auto-oxidation reacticn. Thus for the very rich n.ixture (30 and 40
volume per cent fuel) it is possible that second~-staye ignition did not occur and
that the weak ignitions observed were cool flame Ignitions. Lending credence
to this supposition is the fact that the ignitions observed for the rich mixtures
were all very weak. Successive pressure pulses which v uld be anticipated
fn a two-stage ignition were observed in some tests, bu* not others. On the
other hand the pressure pulses could have been sufficiently close together
on some of the tests so that the instrumentation did not respond rapidly
enough to distinguish them. As sufficient Information does not exlist to deter-
mine whether the ignitlons observed were cool fiame or 2nd stage ignitions
both types have been Included in the tem "ignition."

Comparison with Literature. A previous study by Lockheed-Californla
(Ref. 7) presented data on the lgnition properties of Turbine Fuel A for condi-
tions simulating certaln aircraft fuel environments. :Data obtalned In Reference 7
were not exactly the same as those obtained in the current tests but results of
the most simllar tests can be compared.

The tests discussed In Reference 7 wers run to evaluate the fire/
explosion hazard In the dry bays which were to ;e placed adjacent to the SST fuel
tanks. Liquid fuel was injected into the dry bs - after the bay had been heated
to the deslired temperature and evacuated to the deslred altitude. Tests were
run both with and without ventllating alr being 'orced through the dry bays and
also wlith a drain elther in the open or closed pjsiticn. The results referenced
nere will be only the nonventilated tests but with tre drain open and closed.
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A temperature range of 450-750° F was considered with the dry bay
simulator altitude varylng from 10-70,000 ft. The fuel/air ratlo was varied
over the range of .048 to 2.0 (approx. 1-40% by volume) by weight as deter~
mined by an initial material balance; l.e., calculating the weight of air that
would be present for the given conditions, and then injecting a known amount
of liquid fuel to give the desired F/A ratio. After the fuel was injected into the
tank, the tank interior was monitored for pressure and temperature changes and
was observed visually for luminous reactions. This was continued for up to
two minutes or until an ignition of the mixture was detected. No lnstrumentation
was employed for the detection of luminous reactions and the composition

existing within the dry bay was not monitored except for the initial deter-
mination.

Results for the two conditions of interest are shown in Figure 20
where they are compared with results of the present test program. These lower
ignition limits were derived from the lowest ignition temperature obtained over
the range of compositions tested. It is seen that the results for both types of
tests reported in Reference 7 {ndicated higher minimum ignition temperatures
than was obtained {n the current tests for TFA. The maximum pressure changes
reported also were much lower than in the present tests. (AP max s~ .l psl).
Although no definitive evidence can be presented to explain the differences
obtalned, comparison of test procedures particularly in the fuel rich "cool flame"
regime show differences in experimental approach and recording instrumentation.

An important difference between the Lockheed data and that reported
here (Ref. 7) is that a uniform mixture of the fuel and air within the dry bay
was probably never obtalned, especlally if the time to ignition after injection
of the fuel was short (time to ignition was not a reported parameter). A diagram
{liustrating the nonuniform vapor mixture that could have occurred in these tests
{s shown in Flgure 21. This type of vapor phase mixing may be contrasted to
that obtained In the current test vhere a more uniform mixture existed because
of heating method and time periods. In addition to the difference In mixing,
the fuel/alr mixture undergoes different temperature-time histories in the two
types of tests. The Lockheed tests are conducted at constant temperature of
the dry bay whereas the current tests underwent a heat-up period.

It is belleved that the differences in the test procedures described
ahove could be sufficient to explain the difference In the experimental results.
For example, the maximum pressure rise on ignition that was reported in
Reference 7 for an altitude of 25,000 ft or above was (.1 psig for dry bay
temperatures up to 750°F. Certalnly {f an explosive mixture had existed
throughout the Interior of the dry bay an ignition that propagated through the
bay would have generated a pressure pulse of several times this magnitude.

In the current tests pressure rises of 1/2 to 3/4 or an atmosphere were measured
In testis conducted at a simulated altitude of 25,000 ft. Thus, If the reactants
were not uniformly mixed in the dry bay ignitions some data points which would
normally be strong could become very weak even to the point of not being
detected (instrumentation was sensitive to pressure changes of 0.01 psig). As

a fuel surface area in an SST fuel tank will be much greater than that existing

in the dry bay tests a much more uniform distribution of fuel/air composition
would be anticlpated and it becomes somewhat questionable as to how applicable




the Lockheed tests (even though they may well represent the hazard condition
of @ dry bay) are for evaluating the hazards that may exist within an SST fuel
tank. While a somewhat uniform vapor distribution may be an advantage of the
present tests a free liquid surface would be required to more nearly simulate
the actual SST fuel tank condition. A free liquid surface would, for example,
provide a means for replenishing the fuel in the vapor following a preflame
reaction. This should be included in future tests.

Another less likely, but possible, cause for weak ignition is that the
injected liquid could have been at various stages of oxidation when ignition
occurred. This follows from the history of the fuel as it is injected in the
high temperature test bay. It is injected as a liquid, the liquid bolls, the
vapor diffuses and starts reacting as more fuel evaporates. The process con-
tinues with the liquid boiling off first having had a greater opportunity to
undergo preflame oxidation than that fuel which evaporated later.

The differeaces pointed out above are not a criticism of the results
of elther set of data, as the purposes of the two programs were somewhat
different: one was to evaluate the explosion hazard in a dry bsy, the other
to evaluate the hazard existing in a fuel tank. As such, the differences in
procedures may well be justified.

3. WALL HEATING RATES

The effect of tank wall~heating rate varlations on flame boundaries
was investigated in two series of tests with TFA (see Table VIII in Appendix).
One series was conducted at atmospheric pressure and the other at a simulated
altitude of 25,000 feet. Heating rates of 2° F/min and 20°F/min were compared
In the tests conducted at atmospheric pressure and low fuel concentration
(1, 3 volume per cent) with the reszult that no i¢nitions were observed with the
lower heating rate. At concentrations of 3.7 volume per cent and greater ignitions
were obtalned for both 2 and 20°F/min heating rates.

In the series of tests conducted at a simulated altitude of 25,000 feet
heating rates of 10°F/min and 20°F/min were compared. The results of these
tests are plotted in Flgure 22 and no consistent varlation of results was obtained.
No tests were conducted for 1% fuel concentration using the 10°F/min heating
rate so that comparisons cannot be made for this lean mixture. From the results
of these two series of tests {t appears that the wall-heating-rate may have an
effect on the degree to which preflame oxidation reaction occurs. This is
exemplified by the absence of an ignition in the tests In which low heating rates
were used and by the fact that preflame luminous reacticns did exlst. The tests
conducted do not indicate, however, any uniform deviation of the autogenous
ignition temperature that could be attributed to the variation of the wall heating
rate. This result Is in agreement with the Flame Boundary Results (Sec. 2).

4. SIMULATED DESCENT

Al the end of sevaral of the tests described above, alr was allowed
to enter the tank to simulate aircraft descent rates from 1,000 to 30,000 ft/min.
These tests were a cursory attempt to ¢ofine venting and descent effects.,
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Descent tests were started whether or not ignition had previously occurred,
and after the tank wall had reached 650°F. In most of these tests an ignition
had already occurred during the ascent portion of the test using up some of
the fuel supply. The experimental results are listed in Table VI and VII for
the tests with TFA and JP-5, respectively. They are also plotted in Figures

23 and 24. The coordinates for these figures are initial volume per cent fuel
and rate of descent. The initial altitude for the descent would have some
effect on the results and this effect can be determined from the tabulated data.

It is seen that the results of the tests may be separated into general
areas: that where an ignition occurred, where only luminous reactions were
observed, and that where no reaction was observed. The ignition occurred
where the initial fuel per cent and the rate of desce~t were both high. At low
initfal F/A ratios and low rates of descent no reactions were observed. Luminous
reactions, In generai, appeared in an intermediate region.

The results are useful to help define the conditions under which a
hazard may exist. This applicability is limited by the fact that ignitions occurring
during the ascent portion of the profile could have depleted reactants to the point
where the composition variable indicated is somewhat inaccurate for the descent
portion, especially for low initial F/A ratios. On the other hand, the air used to
simulate the descent was at amblent temperature; the effect that a heated air

stream could have on the ignition temperature would give somewhat different
results.

These tests demonstrate that luminosity and normal ignition may occur
in the descent portion of a flight profile even with partially oxidized or previously
ignited fuel. More meaningful {gnition boundaries could be obtained from
experiments conducted when liquid fuel is present and a heated air stream Is
used to sinulate the descent.

S. COOL WALL TESTS

The effect of cool surfaces on ignition temperatures of hydrocarbon-
alr mixtures can be predicted from thermal ignition theory (Ref. 8). Conslider a
combustible gas mixture in a reactor with constant wall temperature. Heat will
be produced from chemical reactions within the system and the rate of heat
production is described by:

4q = vaanexp(-E/RTg) (1)

reactor volume

neat of reaction

reaction rate constant

535 pressures or concentrations
activation energy of the reaction
universal gas constant

absolute temperature of the gas

where

HEme O <
on oo
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For a given wail temperature, the rate by which heat {s lost from the system
is directly proporticonal to the gas temperature as follows:

A(T -T )
= v g w

ap H(.!’g T)S= A (2)
where H = heat transfer coefficlent

Tg = gas temperature

Tw = wall temperature

S = wall surface area

A = thermal conductivity of vapor

A&x = characteristic reactor dimension

The relationships between these heat production and hec . loss terms
and their dependence on gas temperature are shown in Figure 25. }leat yenera-
tlon and heat 1. ss are plotted against the vapor phase temperature. For a given
chemical mixture the rate of heat generation may be represented by the expon-~
ential curve for 4,. This is contrasted to the three linear curves representing the
heat loss that could occur from the three wall temperatures, T"N, Tw' and T"'N.

For a system with walls thermostatted to T' , is larger than g
and the system becomes warmer until it .saches a s%ady condition at T “‘where
qR = . If chemical heating of the gas weie to continue past 'I’(", 4 Fcud
becoml! larger than qR and the system would retum to T'.. For some l{'lgher wall
temperature T' , q‘R {s at all times greater than ¢, and the gas temperature, and
hence the rea8tion rate, continue to increase uné‘bntrolled. It can be seen that
there exists some wall temperature T which is the highest capable of ylelding
a system in which qﬂ= . This Is aff unstable condltion, however, as 1 slight
perturbation toward a hig&\er gas temperature ylelds the runaway condition
qﬂ > §,, or thermal ignition. T {s hence called the minimum thermal ignition
temperg‘ture of the specific systgm“ This temperature has meaning to other
systems only when an analytical model {s used to account for geometric, heat
transfer and flow scaling.

L {nitially,

Consider the effect of maintaining one wall of a reactor ai{ some tempera-
ture lower than T , the measured ignition temperature in the uniformly heated
system. The tem‘gerature profile across a reactor all of whose walls are main-
tained at the ignition temperature T 1is shown in Figure 26a. The gas tempera-
ture T_in a system approaching lgn‘f’tion is always greater than T and can be
showrto be equal to AT = RT® /E(Ref. 8). The effect of cooling of the reactor
is to increase §, and then dedrease the temperature of the vapor phase as shown
in Figure 26b. Il‘hus ignition now requires an increase In T to counteract the
Increased heat loss due to the cool wall as shown In Flguré 26c¢.

The proportionality shown in Eqn. 2 also reveals an important result
as regards the effect of reactor (or fuel tank) size upon the magnitude of the
heat loss and cocl wall effect. As reactor size Ax increases, it can be seen
that qL decreases, sc that at some large Ax the heat loss wtl! become negligible.

Table IX outllnes the test plan which was fcllowed and the results that
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were obt2ined In a series of tests tLat were conducted to assess the significance

of a cooi wall on Ignitlon temperature. All tests were conducted with 10% Turbine

Fuel Type A In air at 2 simulated altitude of 25,000 ‘eet (282 mm pressure).
Temperatures were monitored at four positions on the tank wall and in the top
one-fourth of the vapor space (see Figure 1 for thermocouple designations).
Tané wall temperatures were programmed upward from a stariing temperature of
300°F in all tests not involving cool walls. Coci wall tests 96 and 57 were
started at 350 F, while 98 and 99 were begun 2t 230°F. In order to reveal the
possible effect of the ratlio of cool wall area to hot wall area, the lower three-
fourths of the tank was held at the starting temperature in tests 95 and 98, the
lower one-half of the tank wall was kept cool in tests 97 and 99. In 2ll other
respects the test procedure used was the same as for those described for the
flame boundary studies. The first three entries in Teble I{ describe, for
comparison, the tests that were conducted without a2 cool wall.

In the flame boundary studies reported above the ignition temperatures
were obtained from :he vapor phase thermocouple. In the present tests, however,
in order to evaluate the results in terms of the ignition theory presented above,
it is necessary to consider the value of the wall temperature at ignition. For
this purpose the tank wall temperature, TC! {s used. Figure 27 Jreseats a
plot of wall temperature at ignition as per cent of the tank wall which was
cool. The cooi wall temperatures are parameters. The curves drawn in the
figure Indicate that a cool wall does have some effect on the required wall
temperature required for ignition. The increase in wall temperature required
for a cool wall at 350~ F is small, and could be attributed to experimentai
inaccuracfes. The effect observed where the cool wall temperature is 250 F,
however is definite. These results are in qualltative agreement with the

ignition theory presented above.

Figure 28 shows the change in measured vapor phase (TC!) temperature
ior the different cool wall tests. Very little, if any, change was detected where
the cool wall represented 50% of the tank wall. However, a large effect is
indlcateg when 75% of the tank wall was cool. In the test where the coo! wall
was 250°F, the change in vapor temperature was more pronounced. It should be
realized that the vapor phase temperature indication is for 2 specific location
within the test tank and that temperatures are probably greater at other locations
within the vapor phase. The vapor phase temperatures are given, therefore,
to provide an indication of the magnitude of the temperature gradient which
exlisted within the test tank.

Although the data presented is limited, the test results indicate that
both the temperature cf the cool wall and the area of the cool wall are important
in determining the hot wall temperature requlred for ignition. Other varliables
which could also have a significant eifect on the hot wall temperature required
for ignition are the size of the tank and the relative location of the hot and ccol
surfaces within the tank. (Note: the size Is mentioned here only in conjunction
with a cool wall. As ment:oned previously, it is assumed that the size of the
tank is sufficient so that size is not a vanable If the walls are heated uniformly.)
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6. FUEL ADDITIVE TESTS

The princlipal role of an additive in affectine ignition behavlior is to
act as a source or a sink for free radicals. The additive molecule, if it will have
an effect on ignitfon, may react with active free radicals being generated during
the ignition transient and inhibit the rate of further reaction. Higker tempera~
tures would, therefore, be required to obtain a sufficiently high reaction rate
to cause laniticn. In other cases, the additive molecules may themselves
deccmpose in the high temperature environment. Depending upon the nature of
the additive, the decomposition fragments may efther inhibit or accelerate the
ignition reactions. If the decomposition fragments remove free radicals fmpor-
tant to the ignition reac:ions, then the ignition reactions proceed at a slower
rate and higher temperatures would be required for ignition.

A previous study (Ref. 2) showed that certain chemicals, if present in
a vapor phase fuel/alr mixture, could affect the lower ignition limit of that
mixture. The additives tested were selected, partially on the basis of their
having sufficlent volatility so that the vapor phase would contain an adequate
additive concentration. OCf the additives tested dimethyamine and tetraethyl
lead showed the most promise of being able to increase the autogencus ignition
temperatures of the fuel/air mixtures.

Practical fuels for supersonic and hypersonic flight systems will con-
tain several additives to provide a means of controlling various fuel properties
such as the viscosity and the dielectric constant. Additives used for this pur-
pose wiil, generally, be of low volatility so as to minimize thelr loss from the
fuel by evaporation. They could, however, have an effect on the ignition
temperature of fuels. To determine the extent of such an effect, several
typical fuel additives were evaluated in the current test program using the
procedures described above for the boundary tests. Six additives were tested
by dissolving them in neat JP-5 In the concentrations indicated in Table III.
The solution was injected into the test tank where the additives and the fuel
were both allowed to evaporate. All tests were conducted at a simulated
aititude of 25,000 feet.

The data obtained are tabulated in the Appendix, Table X, and the
results are also plotted in Figure 29 to 34. For comparison, Figure 25 shows
the data obtalned for neat (additive free) JP-5 at a simulated altitude of
25,000 feet. In contrast to the results presented earller, mean ignition curves
are indicated on the figures as It is believed that these provide a more meaning-
ful comparison of the experimental results than would a comparison of a lower
ignition limit curve. The mean ignltion curves are plotted together in Figure 36.
From these curves it appears that the antioxidant and the lubricity additive may
cause an Increase in the autogenous inition temperature of the fuei. The other
addltives apparently have less effect, if any at all.

As might be expected in the tests where the antioxidant was present
luminous reactions were never observed prior to ignition. The fact may have
great practical significant when fuel residue problems are encounted In applica-
tion. When the lubricity additive and the antlicing agent were used the frequency
of appearance of a luminous reaction prior to ignition was small, whereas in tests
where the other additives were used preflame luminous reactions generally appeared.
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These observations tend to support the idea that the luminous reactions may
have been suppressed by some of the additlves, and that if this Is the case,
the additives could also be responsible for the sliyght increase in the auto-
genous ignition temperatures that were observed when the antloxidant and
the lubricity additives were present.

The antioxidant and the antiicing agents are probably the most
volatile of all the additives studied, and hence, most likely to be present in
the vapor phase. Of these, the antioxidant 2, 6-diterfary-butyl-4-methylphencl
is well known as a free-radical former. It 18 capable of intercepting and termina-
ting autoxidation chains, and therefore, alteriny free-radical combustion pro-
cesses. No such action is anticipated from the antiicing agent (methyl
ceilosolve). The three remaining known additives are extremely nonvolatile
and therefore would not be expected to Influence the vapor phase processes
as much as the two additives described above. The antistatic agent iz a
chromfum salt of a high molecular welght saticylic acid and is probably the
least volatile of the additives studied. It does seem to decrease the ignition
temperature somewhat, however. The metal deactivator s a high molecular
weight amine and the corrosion inhibitor is a derivative of phosphoric acid.
The lubricity additive does appear to have some effect on the autogenous

fgnition temperature and variations of its molecular structure may prove
fruitful.
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SECTION IiI

LARGE TANK TESTS
1. EQUIPMENT

A large-scale tank apparatus capable of simulating anticipated internal
wing-tank conditions for the SST during flight has been designed and construc-
ted. The tank has a capacity of 110 gallons and is of sufficient size (2 ft. in
diameter and 5 ft. in length} tc reduce wall quenching effects on flame
initiation and propagation. Provision has been made to provide skin heating
and cooling rates of up to 5,000 Btu/Hr~ft*. Original plans had called for
fabricating the tank from a titanium alloy, but the excessive cost of this
approach required that a different material be used., With the approval of the
Alr Force, stainless steel 304 was chosen. A shelf has been included in the
design of the tank interior so that sheets of titanium or other material can be
inserted for test purposes. Access holes have been provided in the tank tc
permit visual inspection and observation of the tank interior and to provide
ports for instrumentation and control purposes. One end of the tank is also
removable to permit cleaning and repairs or tank modifications.

The tank structure is bullt to withstand intemal pressure from 0 to 120 psia
and provision has been made to supply pressure rellef at 70 psia. Altitude
simulation equipment for semi-automatic control has been incorporated and
suitable instrumentation has been included to provide for monitoring of the
temperature of intornal tank walls, the vapor space and bulk liquid, the tank
pressure, and the composition of the liquid phase. The test tank is shown in
some detail in Figures 37-39. Figure37shows the general dimensions and lay-
out of the tank. Figure38provides a view of the intarior of the test tank and
Figure 39 shows the exterior of the tank. The wires extending from the top and

bottom of the tank in I'igure 38are for thermocouples located at various positions
within the tank.

a. Tank Installation

The tank is mounted on a test stand and placed in the center of a
8' x 14' test cell (see Figure 40). The walls of the test cell are 8' high. Three
of these consist of an 8" layer of sand contained between 1" sheets of plywcod.
The fourth wall is a single layer of plywood that is hinged and which opens to
form a large entry into the test cell (see Figure 41). The frame of the test cell
is of steel girders. A corrugated metal roof has been provided. Adjacent to
the test cell and part of the same building is a large room that contains the
vacuum pump and some of the control instrumentation (see Figure 42). The
remainder of the controls, recorders and instrumentation have been placed
inside an air-conditioned laboratory approximately 75 feet from the test site
(see Figure 44). The controls and instrumentatiu.. .1ave been located such that
personnel should never have to enter the test cell during a test. Occasional
tasks may require the attention of personnel in the room adjoining the test cell,

but otherwise, tests can be completely controlled and monitored from the labora-
tory location,
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An electricai power source for the immersion and wall heaters capable of supply-
ing 200 amperes at 460 volts has been supplied directly to the test building.
Application of the power to the test tank is controlled remotely from the labora-
torv. Water and compressed air are available in the test cell and a dry-powder
fire extinguishing system has been installed. The extinguighing system may be
actuated either manually or automatically by means of a fusible link.

b. Irstrumentation and Control

(1, Temperature Measurement

A total of seventeen thermocouples his been provided for measuring
temperatures at various internal positions of the wank. The temperatures of
several positions in the vapor phase, the liquid phase, and on the unwetted tank
wall may be monitored. Exposed thermocouples have been provided for monitor-
ing the vapor phase temperature and remote junctions are used for thermocouples
monitoring the liquid phase and wall temperatures. The thermocouple leads are
of various lengths and can be adjusted at the port where they enter the tank to
reach different parts of the tank interior. Approximately 35 thermocouple clips
have been provided on the interior of the tank walls so that the thermocouples
can be moved from one place to another and temperatures at the different positicns
can be compared. Two of the thermocouples are used for input to two feed-back
controller systems which independently control the liquid phase temperature and
the unwetted wall wemperature. Up to twelve (12) of the remaining thermo-
couples may be monitored on a 12 point Leeds and Northrup strip chart recorder.
An oscillograph is also available for recording the thermocouple outputs over
short periods of time.

(2) Temperature Control

The means by which temperature is controlled is through the use of
electrical resistance heaters for heating and cooling colls using water as a cool-
ing medium for cooling the tank walls. The arrangement of the heaters and cooling
coils is shown in Figure 45 and 46. The total heating capacity for the external
wall heaters is 39 kw and for the immersion heaters is 26 kw.

Two programmer-controller combination sets for independently controlling
the liquid-phase temperature and the unwetted tank wall temperature were pur-
chased for use In this program. The controller {s an MPRY Thermac Solid State
Temperature Controller and the programmer is the Model 5300 Data Trak Pro-
grammer. The sets are manufactured by R.I. Contiols of Mlnneapolls Minn.
and are adjusted to operate normally in the range of 0~ 500°F uslng {fron~constantan
thermocouples. Somewhat higher temperatures (approximately 75 °F) may be
obtained if a small adjustment is made. The electronic circuit of each con~
troller utilizes an SCR firing circult to control up to 100 amperes of current
suppliled at 460 volts.

Each controller may operate in any of three modes: manual, set-point, or
programmer. Manual control permits a linear Increase in power supplled to the
load with an Increase in dlal setting up to 100%. Set-point provides a means for
dialing In a specific temperature to which it Is desired the work be controlled and
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through the use of the programmer a variable temperature may be specified. Pro-
gramming is easily accomplished by drawing the desired temperature-time proiile
on a card coated with a conductive film. When this card is inserted into the

programmer a control signal is generated and transmitted to the controlier as a
control point,

(3) Pressure Measurement and Control

Continuous pressure measurement is obtained by monitoring the
output of a Teledyre bonded strain-guage pressure transducer (0-50 psia). The
output is recorded on a Texas Instruments strip .anart recorder. The ascent
portion of a flight profile is obtained by controlling the evacuation rate provided
by a Welch Duo-Seal vacuum pump having a capacity of 15.2 ft2/min. A
throttle valve in ti.e 2" evacuation line provides a rough control of the evacu-
ation rate and a fine control is established by supplying an air bleed to the
vacuum line via the ascent throttle valve and ascent requlator. The descent
portion of the profile is obtained by isolating the vacuum pump and controlling
the air bleed rate through the descent throttle and descent regulator. An air
inlet heater has been provided in the descent line: to heat incoming air to 400~
500°F, A nitrogen purge system has been provided to help control undesirable
reactions that might occur within the tank and a pressure relief valve set for

70 psia has been included. The pressure control system is schematically cut-
lined in Figure 47.

(4) Flame Detection

Any normal ignition that might occur within the test tank would
probably be indicated by abrupt changes of both pressure and temperature.
Lower level luminous reactions may occur, however, which would not be
detected by either of the above parameters. To detect these low intensity
reactions and also to confirm the occurrence of any normal ignition, a photo-
multiplier tube was installed outside the observation port on one end of the test
tank (Figure 48). The observation port at the opposite end of the tank was
covered and a small test light was installed under this cover to serve as a
check on the operability of the photomultiplier (Figure 49). The continuously

monitored output from the photomultiplier tube was recorded on a Varian Associ-
ates strip-chart recorder.

(5) Liquid Composition

A Pensky-Martens closed~cup flash point tester was purchased to
monitor the changes in the composition of the liquid phase.

2. TEST PROCEDURE

Many prerun checks were conducted with an empty test tank to verify its
operational capabilities prior to performing tests with fuel, The tank was heated
and circumferential temperature profiles were obtained. From these profiles the
location for the reference thermocouple for the unwetted wall temperature control-
ler was chosen. A profile from one of these tests is shown in Figure 50,
Several runs were also made to adjust temperature controller gain settings and to
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provide information on the accuracy and reliability of controls. The results of
one of these runs is shovm In Figure 51.

Deta on the liquid phase showed that a lar ge temperature difference (8s much

as 100°F) ex!sted between the upper and lower *ayeis. The temperature of the
lguid was cetermined at only two levels, ho..ever (2" from bottom of tank and
1/2" helow liquid-vapor interface), and the degree of stratification or of mixing
due to free convection in the large intermediate region {s not known at this time.
The loci.tion for the control thermocouple for the liquid phase was chosen near
the liquid-vapor interface (within 1/2"). The ability of the cooling colls that are
attached to the wulls of the tank to provide adequate cooling was verified.
Evacuation tests were performed to determine the degree of tank-armospheric
air Integrity. The leak rate was less than 0.5 psi change/day under evacuated
conditions. This was judged to be satisfactory. Several experimental runs were
undertaken to show that good pressure control could be obtained for the asegent,
level flight! and descent portions of the flight profile {see Figure 52). A final
check run t> simultaneously verify operation of all tank control and instrumenta-
tion was completed and designated Test 1. All phases of the tank operation
were satisfaciory.

A total of nine (3) tests for the purpose of obtaining experimental data on
the large test tank were completed. Four of the tests included controlled pressure
and temperature variations to simulate the ascent, level flight, and descent
portions of a flight profile. The remaining tests had only iiic descent portion
of the flight profiles. The assumed flight prcfiles had nominal ascent and descent
rates of 2500 ft/min and leval flight altitudes of 65-70,000 ft. Descent rates
ranging up to 5000 ft/min were included. The maximum internal wall temperature
reached during these profiles varied between 425 and $525°F. All tests were con-
ducted with the tank half full of fuel. Deta recorded during these tests included
temperatures, pressure, and light intensity as described below.

a) temperature indication at two levels within the liquid phase,

b) temperature indications at several positions along the cirumference
of the Interior of the unwetted wall,

c) temperature indicat! n at three levels and both ends of the
tank in the vapor .ase,

d) a continuous monitor of the pressure within the fuel tank,

e) a contlnuous monitor of the output of a photomultiplier tube
which was used to detect any luminous reactions or ignitions,

t) flash point determination of liquid phase at beginning and end
of each test.

The fuels tested were of two types: Turbine Fuel A and JP-5. Two different
lots of TFA were used. The second lot was obtained to perform check-runs on
the first lot and had a flashpoint 16°F below that of the first lot. These fuels
are s.mmarized in Table IV.
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3. TEST RESULTS

A summary of the test results is provided in Table V. The data presented
include descent rate, wali temparature, maximum gas phase temperature, liquid
temperature, and altitude. If a luminous reaction was detected the altitudes and
temperatures are provided for the prevailing condiiions when the luminous reac-
tion was first detected during the profile, and for when the lumincus reac*ion
disappeared. For the tests where a luminous reaction was not observed simllar
values are given for altitudes near 25,000 feet and for sea level to provide a
baslis for comparison. Figure 53 shows the experimental results from test 5C
during the period when a luminous reaction was occurring. Flgure 54 shows the
output cbtained from only the photomultiplier tube {n test 6A.

The first test was run to check out the heaters and controlling circulits.
In Tests Z and 4 identical flight profiles were used with the first lot of TFA fuel.
The results from Test 2 indicate ¢ luminous reaction occurring at several places
during the descent profile. Standard post run checks indicated, however, that
2 light leak existed in the tank which could have {nfluenced the output of the
photomultiplier tube. Test 4 was run to check the results of Test 2 but a luminous

reaction was not observed. As a2 result the indication of the luminous reaction
in Test 2 is not confirmed.

Test 5 was with JP~5 and included four parts. One was a complete
flight profile in which a luminous reaction was not observed. Tests 5B, C, and
D had nearly identical temperature ranges but somewhat different descent rates.
A lumincus reaction occurred in each. In Test 6A, using the second lot of TFA,
a luminous reactlon was again observed. During the last test, 6B(IFA) control
of the rate of descent was a.most completely lost at an altitude of 4000 {t. The
pressure, temperature and 1.ght emission indicated a normal {gnition but it

could not be determined which of several equipment or test conditions caused
the loss of control.

No change was noted in the flashpoint of the fuels except in one case,
At the conclusion of Test 4 {the fourth test with this same fuel), a8 sample was
taken from near the sun'age of the f%el and near the bottom of the tank. Flash
points obtained were 139 F and 138" F respectively, which [ndicates that some
concen.ration gradients did exist within the liquid phase but that they were
probably not signlficant. All other results forothls fuel, on Tests 1, 2, and 3
had ylelded ldentical flashpoint values of 138 F. The flashpoint of the JP-5
used In Tests 5A, B, C, D was 152°F and that of the 2nd lot of TFA used In
Tests 5A and 6B was 1227F. The difference In flashpoints noted for the two
losts of TFA Is not unexpected in commercially available fuels.

4. DISCUSSION

The results of several experimental tests have been presented, and the
occurrence of a luminous reaction has been shown to reproducibly appear under
certain conditions wud not appear under conditions which are considerably less
severe {lower temperatures). The tests were not sufficlently extensive, however,

to provide criteria for defining the conditions for the cccurrence of the luminous
reactions.
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In spite of the high (approximately SOOOP) wall temperatures that
existed within the fuel tank, the observed temperatures of the gas phase were
never greater than 420°F during the descent portion of the profile (see Figure 53).
The vapor-phase thermocouples were located on the vertical center line of
the tank, however, and if luminous reactions were occurring in areas adjacent
to hot spots on the tank wall the gas-phase thermocouples may not have {nd{cated
conditions ex!sting where the luminous reaction was taking place. The upper
vapor phase thermoccuple {located 1-1/2" from top of tank) did appear to indi-
cate a gradually rising temperature during those perlods that a luminous reaction
was indicated by the output of the photomultiplier tube. This gradual rise
cannot be directly attributed to any gas~phase reaction, however, as other
tr.mperature instabilities were present. Several temperature measurements of
the gas—-phase were also recorded on an osclllograph trace. The purpose vas to
determine if any rapid temperature instabilities or variations wers accomp..nying
the occurrence of the luminous reactions. None were observed, but the thermo~
couple wire was of sufficient size {(1/16" dla.) that small temperature insta-
bilitles of a frequency greater than one cps could have been damped out and
not recorded.

The gas-phase thermocouples seemed to Indicate unstable gas
motions within the fuel tank during level~flight when no apparent event could
have triggered it. This is believed to be due to the temperature variations which
existed within the tank during steady level flight, i{.e., hot side walls, a warm
top and ceold liquid surface. If a relatively cold layer of air was to accumulate
along the top center line of the tank it {s apparent that at some time during the
flight an Inversion of the type shown in Figure 55 may occur.

The fact that some stratification existed in the liquid phase during the
tests has been discussed previously and results of the flashpoint tests indicatec
the change in composition of the fuel from one test to the next was extremely
small .

The experimental results obtalned from the large tank tests may be
compared to those obtained with the small test tank. First, it may be note%
that the maximum gas phase temperature recorded In the large tank was 420°F
As the {gnition obsera/ed in the small tank occurred only for vapor phase tempera-
tures exceeding 440°F it is understandable why normal ignition may not have
occurred in the large tank tests. It should also be remembered that a cool wall

(surface of the liquid) effect existed in the large tank tests and a: was shown
{n Sectlon II this may at times Increase the hot wall temperature reyuired to
produce an ignition.

During the descent profile luminous reactions were obs:rrad to
occur in the large tank tests for conditions that were much less severe than
those used during the Smgll tank tests. The temperatures were much lower
(;34000}‘ compared to 650 F In the small tank) and the simulated descent rates
were. In general, considerably lower. It can be surmised, though, that much
higher F/A ratios existed In the large tank at the start of a descent profile than
in the small tank. For, although the vapor phase was not sampled in the large
tank tests a large liquid surface was present and the liquld surface was near
its bubble point (bolling point at a pressure other than atmospheric). It is
ltkely, therefore, that fuel/air mixtures in the large tank at the start of a
descent were close to 100% fuel if stratification effects were not Important.
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A varlable which could have a considerable effect or whether and
under what conditions an ignition wlill occur {s the temperatures of the incoming
air that was used to simulate the descent. As alr at ambient temperature was

used for both the small and large tank tests the effect of this variable should
be investigated further.

S. RECOMMENDED WORK

The large-scale tests demonstrated that luminousreactions existed in dynamic
flight conditions, but the fact that they were not always observed leads to the
promlise that they may be anticipated and prevented. The question remains as
to the conditlons under whicn cool flames and single or two~stage normal ignition
will occur in the large test tank. To determine this and to be able tc evaluate
with confidence what will happen in an actual SST fuel tank it is belleved that

additional tests should be conducted in the large test tank. These tests should
include:

a) Stud.es todetermine the effect of using a heated alr stream
(up to 450 F) to slmulate the descent of an aircraft.

b) A determination of the effect of hot wall area (vary liquid level).

c) Studles to determine the nature and extent of stratification

in both the vapor and liquid phases with and without venting.
d) Studies to determine the effect of agltation of the liquid phase.
e;

Definition of the effect of a chemical additive on inhibiting

luminous reaction, ignition, and fuel residue formation
in the large test tank.
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SECTION IV
SUMMARY

Experimental testing using the small test tank was completed. Data
for determining the thermal ignition boundar’~- of two turbine fuels (Turbine
Fuel Type A and JP-5) as a function of composition and simulated sltitude
were presented and lower ignition limits were specified. A detailed comparison
of the results for TFA was made with the results reported by the Lockheed
Corporation (Ref. 7) which had also conducted tests to evaluate fire hazards
associated with SST fuel areas. The present data provided somewhat lower
ignition boundaries than was reported in Reference 7, however, it was shown
how different experimental procedures and conditions could account for the
difference in results reported.

Tests to determine effect of the wall-heating~rate and a cool wall
on the thermal ignition boundary were conducted. For initially low fuel/alr
ratios ng ignitions were observed in tests conducted at very low heating
rates (2 F/min). However, other than this effect, no measureable effect of the
wall heating rate on the thermal ignition boundary was observed (wall heating
rate range 10~-27 F/min). Tests involving a cool wall showed that the hot wall
temperature required to produce a thermal Ignition was affected by both the
temperature of the cool wall and the relative area of this cool wall as would
I expected. The significance of the cool wall effect to aircraft safety must
be evaluated for specific cases.

The effect of six fuel additives on the thermal ignition boundary was
determined experimentally, Two additives appeared to cause a slight increase
in the autogenous ignition temperature. The others produced smaller effects.
The most promising of the additives tested were the antioxidant (2, 6-diteriary-
butyl~4-methylphenol) and the lubricity additive,

A large test tank was desligned, constructed, and used to conduct
several tests. The mechanlcal operation and control of the tank was verified
in several pretest runs and was found to be satisfactory in all respects. Ten
tests were conducted with TFA and JP-5 fuels to obtain preliminary information
on possible hazardous conditions existing within an SST fuel tank and it was
shown that luminous reactions did reproducibly appear during the descent
portion of the simulated SST profiles; sufficient tests were not run, however,
to determine criteria under which these luminous reactions would appear, nor
have the conditions which must exist to obtain cool and normal flame ignition
been defined. Some of the variables which could be evaluated in a future
test program involving the large test tank and which could have appreciable
effect on the conditions existing In an SST fuel tank were indicated.
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Ficure 39.

External View of Large Test Tank.
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Figure 40.

Test Tenk Installed with Tusulation In Place.
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Figure 41. View of Test Cell.
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Figure 42.

Equipment Room Adjacent to Test Cell before Completion,

Figure 43. Completed Test Site.
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Floure 44. Instrumentation and Control Equipment Inside Laboratory.
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Figure 48. Photomultiplier Tube Installed on Test Tank.
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Figure 49. Observation Port Cover with Test Light.
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Figure S§5. Schematic Temperature Variation and Flow Pattern
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APPENDIX A
TABLES

Note: Tables VI through X present the Data that was taken using
the small tank during the current program. The column headings are explained

below;

Vol.% Fuel
TLux'n

TFlame

ATF

4P

Descent

Initial fuel composition in fuel/air mixture.

Defines range of temperatures in which
a luminous reaction was observed.

Temperature (° F) at which an ignition was
observed.

Measured temperature change at {gnition.
Measured pressure change at ignition.
Designates conditions under which descent
profiles were run and also the type of reaction
observed. Lum - lumlnous reaction, and

Ign - ignition observed.

Tests conducted where output of photomultiplier
tube was not suitably amplified.
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TABLE I. ATLANTIC RICHFIELD SPECIFICATIONS
FOR AVIATION TURBINE FUEL, TYPE A

TESTS:
Grzvity, ©API 40.1
Distillation, °F:
1BP 355
10% Evap. 381
50% 415
90% 466
95% 480
End Point 516
Residue, % 1.0
Loss, % 1.0
Fias.. Point, TCC, °F 148
Freezing Point, °F -62
Viscosity @ -30°F, Cs 10.45
Net Btu/lb. 18,496
Net Btu/gal. 126,994
Corrcsion @ 1229F, 3 ars. la
Totsl Acidity, mg KOH/g 0.01
Total Sulfure, wt. % 0.11
Mercaptan Sulfur, wt. % 0.0004
Water Tolerance, ml Nil, Pass (lb)
Total Potential Residue, mg/100 ml, 0.8
16 hrs.
THERMAL STABILITY:
Pressure Cnange, in. Hg(l) 0.05
Preheater Tube Deposits, less than 0
Aromatics, vol. % 17.5
Sr. cxe Point, ram 20.0
Luminometer Number’ 47

(1) 300°F preheater temperature, 400°F filter temperature,
6#/hr. fuel rate for 5 hrs. duration.

TABLE II. VARIATION OF SINGLE STAGE IGNITION LIMITS WITH

TEMPERATURE
Temperature Limit Concentration
(OF) % Volume
Lean Rich
03 1.53 4.50
570 1.22 5.35

It is seen that the composition limits for ignition change only slightly with
temperature
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