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ABSTRACT

Under simulated flight environments, fuel/air ratios at various locations
of the ullage space were determined using in-line gas chromatograph mecasurcment.
Using the shallow tank cxperimental data showed that during ascent and cruise
portion of the flight profile, uniform fuel/air mixtures were found to cxist
within the entire ullage volume. Significant fuel/air gra-itents existed during
the descent portion of the flight profile, with mainly air ncar the vent inlet.
"Evaporative lag" was observed during ascent and level flight when liquid
Jet A fuel was maintained at 80°F., When the liquid fuel tempcrature was
increased to 120¢ F,evaporationrate was found to be rapid cnough that the
"evaporative lag" phenomena was no longer observed. By vibrating the fuel tank,
it greatly increased the rate of offgassing of dis.;olved air in the liquid fuel.

This in turn significantly changed the fuel/air rotio in the ullage space.

Two separate and complementary models were developad to predict fuel/
air concentrations within the ullage. The well-stirred model describes situations
when mixing of air and fuel vapors occurs very rapidly with no appreciable
fucl/air gradients within the ullage volume. This model is particularly appli~
cable to wing tanks of aircraft and for tank configurations where the ratio of
ullage volume to liquid fuel surface is small., For tank configurations where
this is not true a second distributed F/A model was developed to describe
such situations. Cool flame limits and transition between cool flame and
normal flame ignition limits associated with supersonic flights were also
investigated. No ignition was observed for Mach number Liclow 2.7 and
ignition was observed for Mach number equal to 3.0,
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SECTION 1

INTRODUCTION

The degree of fire hazard associated with an aircraft fuel tank system
is directly related to the nature of the fuel/air environment within the tank,
As hydrocarbon fuel vapor and air mixtures burn only at fuel/air ratios existing

between a rich and lean limit, it becomes necessary to assess the vulnerability 2

hazard of an aircraft fuel tank in terms of thore fiight parameters causing
mixtures of a combustible nature to exist. The existence of combustible fuel/
air mixtures within the fuel tank ullage makes the fuel tanks susceptible to
explosion or fire hazards if an ignition source is introduced,

Fuel/air concentration gradients have been found to exist within the
fuel tanks (Ref. 1), One can define the degree of hazard by assuming that the
larger the volume of combustible mixture, the more vulnerable or hazardous
is the fuel tank. The work performed under this contract was to define the i
fuel tank geometry and flight profile histories that control mass transport and
mixing processes leading to the presence of a large volume of combustible 3
mixture within fuel tank ullage spaces. Analysis of fuel tank hazard phenomenon
has proceeded along three lines. The first was an experimental study whereby :
an existing fuel tank test facility developed under previous Air Force support ©
{Contract No. F33615-67~-C~1553) was modified to allow for the simulation
of the effects of aircraft vibrational environment, and equipped for direct
sampling of the composition within the ullage spaces during simulated flight
profiles. Gas chromatograph techniques were used to determine fuel/air
concentrations at various locations within the ullage under simulated ascent,
level and descent flight profiles. These experimental measurements provide
a realistic assessment of fuel tank fire and explosion hazards due to external
ignition sources. The second area of investigation was analytical modeling
of mass transport processes occurring within the ullage space that control the
formation of combustible mixtures. Two separate and complementary models
were developed to predict fuel/air concentrations within the ullage. The
well-stirred model describes situations when mixing of air and fuel vapors
occurs very rapidly with no appreciable fuel/air gradients within the ullage
volume. This model is particularly applicable to wing tanks of aircraft and
for tank configurations where the ratio of ullage volume to liquid fuel surface
is small For tank configurations where this is not true a second distributed
O/F model was developed to describe such situations. These two analytical
models give us a powerful tool to preaict fuel tank fire and explosion hazards

and to correlate experimental data. The third area of investigation was con-
carned with cool flame limits and transition between cool flame and normal
flame ignition limits associated with supersonic flights where liquid tempera-
tures and fuel tank skin temperatures are typically very high. This portion of

the study was conducted experlmentally in terms of light em;sgxgns due to ; -
flame oxidation proce5§es. :
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SECTION 11
DENWITION OF THE HAZARD PROBLLM AND METHOD OF APPROACH

A discussion of basic processes occurring within fuel tanks is useful
in understanding the interpretation of the data and the deveiopment of the analytical
model in later sections of the repert. Generally after the filling process on the
ground is completed. a unifors equilibrium fuel/air vapor mixture is found to
exist within the vllage spoce. That is to say, the fuel partial pressure corres=~
ponds to the vapor pressuga of the liquid fuel. During filling the degree of
stirring and splashing is soficiont, such that this assumption is very good,

As the atrcralt climbs to altitude free venting tanks capable of supporting
only a low pressure differential vent @ mixture overboard that consists of the
initiol tuel air mixture composiuon. 17 the evaporation rate of fuel vapors from
the surface of the fuel is low, the fuel/air ratio within the ullage will be nearly
uniform and the mixture vented sut of the tank to the atmosphere, will essentially
correspond to the imtial values. As evaporation takes place the fuel/air ratio
increases as the fuel varor atrempts to come to its equilibrium vapor pressure
within the ullage. [ other woras, if we had a tank where a membrane was over
the surface ot the fuel and no evaporation could take place, the fuel to air ratio
within the tank would be constant during the ascent stage of the flight, Because
of evaporation, and deperding upon the local rate of evaporation, the fuel/air
ratio may remain relatively constant or may increase. A third phenomenon tending
to complicate this rather simplified model is the fact that as the pressurc decreascs
within the ullage, air previowesly dissolved within the fuel, comes out of the solu-
tion and contributes to the oxygen content in the ullage space. Rate cf evolution
of dissolved air has acnerally haen conceded as controlled by the rate of ascent
and vibration and slosh levels existing within the fuel tank. Previous investigators
{Ref. 2) have defined safe flight envelopes of aircraft fuels as a function of
altitude and liquid temperature. Tucel vapor compositions were assumed to exist
at all times at their equilibrium or vapor pressure values within the ullage space.
Transport processes such as evaporation and outgassing occurring in the tank
determine the degrec to which this is trae. In other words, tanks considered
safe based on equilibrium conditions may be highly vulnerable due to "evaporative
lag” whereby the fuel partial pressure in the ullege space cannot maintain its
equilibrium value corresponding to the liguid temperature.

At level flight or cruise at constant altitude, fuel is generally removed
from the tank. It may be transferred from tank to tank for control of center of
gravity or for engine usage. Because the volume in the fuel tank is constantly
changing, a small amount of air must be contiauously vented into the tank to
provide for pressure equalization -with tho oulside ambient air. It has been
shown in previous work (Ref. 1) tha® rather substantial concentration gradients
may exist in a deep tank for fuel witharawa! rates as low as one gallon per
mintte (diftusion time and diffusic .stance is small compared to vant velocitics).
For wing tanks (shaliow tanks) this may not be the case as diffusion time, because
of small diffusion distancas, may be vey fast compared with vent velocitics, leading
to @ more uniform mixture. Eiffects ozcurring during ascent such as air evolution,
and mechanical injection ot liquid fuel garticles due to vibration may also con-
tinue during the level flight portion. o '
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During the descent portion of the flight, a large quantity of air
is vented into the fuel tank with a large amount of turbulence and stirring
developed within the ullage space. Large concentration gradients must
necessarily exist during this portion of the flight as the air cntering tie
tank is essentially or entirely free of fuel vapors and somewhere within the
fuel tank, fuel vapors do cxisv at near equilibrium concentrations, The tank
may, however, exist at nearly uniform mixture composition except in the near
region of the vent. An additional phcnemenon can occur during descent as a i
result of particular vent configurations and fuel tank gcometrices. As diffusional
precesses are slow as compared to velocities occurring during descent, (10 to
15 ft/scc jet velocities), it is feasible that fuel vapors could cssentially
congregate in regions w :ere they can exist at values higher than that corres-
ponding to their equiliiz.:um vapor pressure, In this casc the condensation of
the fuel vaporg back into the liquid may occur. Although it is felt that three- ]
dimensional flow cffects are such that this condition may not exist to uny
significant extent in deep tanks, the possibility does exist for this phenomenon
to occur in a long narrow wing tank with the vent located at onc end.

bl

Other basic transport processes occurring during the entiie tlight
profile are those associated with heat transfer through the tank skin to the
ullage space. During ascent as the ullage vapors expand and cool down, the
misting phenomenon noted in previous studies (Reef. 2) is obsecrved as a
result of fuel condensation. The degree of heating associated with hot inner-
structures may, however, raise the temperature of the ullage gas sufficicntly
by heat transfer to remove the ullage gas from this "dew point™ or saturation
condition. Supersontc flight may permit fuel tank skin temperatures to reach
500 to 550°F. Thesc temperatures ar» sufficient that low level oxidation may
occur within the ullage. These oxidouions are cssentially chain breaking of the
large hydrocarbon molacules and give rise to the characteristic "cool flame"
noted for these type of conditions (Ref. 3). There is little cnorgy associated
with these rcactions and the primary evidence of their entstence is in terms
of their light emission.

1
!
E
i

Hazard Assessment.

Figure 1 d-=tails the input requirements and flow logic for the overall
model of the asiesament of the fuel tank fire hazard associated wiih the flight
of a particular awciaft. The basic philosophy is to define the time and spatial
dependence of fuel/air mi. ture ratios within the ullage of a partict lar tank for
the flight profile being investigated. This requires detailed calculation of the
transport processes occuwiring within the tank supplemented by experimental
data gathered using the funl tank simulation facility to determine unknowa :
constants, Two models ar>» forimulated that toacther with the oxperimental -
data vicld required fuel/air mixture gradients and valucs. The degree of
hazard associated with a perticular tink is then buscd on interpretation of the
mixture profiles in terms of published ignition limit curves for the particuloar
fuel being used and the expecicd stiength of the ignition sources. The degree
of hazard is then based on the percent of the ullage volume that is within
combustible regions, the pressure risc associated with the combustion of this
mixture {should it occur), and the maximum over pressure the tank structure

can withstand. Figure 1 presents a flow chart for the processes of cvaluating

Ll
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the vulnerability hazard of a fuel tank, The left side of the figure shows the
items required as input to the models. These may be broken down into five
categories: first is the ggomeury and vent sizc location for the particular
tank beiny investigated. Tank geometry is described in terms of a table of
ullage volume versus fuel quantity. A set of initial condilions, temperature

and volume used to s tart the calculations. complete the input data and define

~_the initial equilibrium mixiure composition.

A second series of input data are fuel properties. These include the
vapor pressure and heat of evaporation versus liquid temperature of the parti-
cular fuel being examined. Other fuel propertics required are the vapor specific
heat, the molecular weight of the vapor, diffusion cocfificient of the fucl vapors
in air and the amount of dissolved air within the fucl.

A third sct of controlling parameters are {light indicators such as the
altitude history, the Mach number history, the skin and internal structure
temperature, the fuel withdrawal rate, and vibration schedule associated with
thia particular aircraft fuel tank being studied.

A fourth required item is the flammability range for the particular
fuel under study. These flammability limits exist within the literature and
a study has shown they are relatively independent of the pressure but do
depend upon strength of the ignition source.

A fifth item of required input data for the vulnerability model is the
range of ignition source strength expected during a particular flight. Currently
these are employed in terms oi effective spark ignition encrgy.

Figure 1 demonstrates the logic behind the required input valucs and

the method of utilization in determining the vulnerability of a particular fuel tank
flight profile.

Proceeding through Figure 1l in a step~wise manner, the first operation
is concerned with setting up the node mesh for the Distributed F/A Model.
This involves the calculation of the equivalent resistors and capacitors for
for diffusion and convection employed by the program.

The second operation 1s to perform the bulk or well-stirred F/A
calculation; the primary purpose of which is to define vent velocity and average
gas F/A and temperature. These not only provide rcalistic bounds for the

distributed F/A mode!l but prescribe an essenttal input quantity in the vent
velocity .

Based on the bulk F/A calculaticns above, the calculated vent velocity
and tank geometry are used to determine the intornal velocity field within the
ullage. Four techniques are available for defining the velocity field. These

Closed form potential flow solutions,
Potential flow fields calculated numerically,
Experimental data of other investigators,
Experimental data estimated based on the test
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s, at this time, that definition of tha velocity field s a major con-

sideration in the development of the overall model. Calculations done using

a plug flow velocity model for a specialized geometry have been successful, v
Indications are hased on an initial literature search and test data that a signi-

ficant amount of rocirculation and turbulence can be generated even at low

venting rates and the ullage will tend toward being well-stirred (Bulk F/A

Modcl) except in the jet region of the vent.

Velocity vectors as defined by one of the techniques above arc then
input to the Distributed /A Niodel for each mesh point previously defined.

The distribvted F/A program is then run for the entire flight profile
and concentration maps developed. At specified times during the ca lculation
interpolation in the ignition limit curves for the source strength specified will
determine the hazard rating for that time.

Th2 assessment ol the hazard can then be made based on the product of four
quantitics, shown below:

Apad
Hazard =P, +P.. ,, P ¢ m——
AT T ICN Ame
The first is the probability of an aiwrcraft hit, the sccond is the probability
that the hit will be in the fuel tank, the third is the probability that the tank .
will ignite, and the fourth quantity is the pressure rise due to combustion
divided by refercnce pressure rise, such as the tank structural limit, The
third and fourth quantities arc assessed by the above model while the first
and seccond must be prescribed by the user,

The quantity P relates the strength and location of the ignition source
to the flammability muplgf the ullage. Three assumptions in estimating this quantity
are used prior to the incorporation of any additional data. The first is rounds entering
the ullage in g noncombustible region will not cause an ignition(no stirring of ullage
mixture and no air entropment by round). The second is that the ignition source can
be characterized by an cquivalent "spark™ energy, The third is that published ‘qni-
tion limits and relations between ignition limits and ignition source energics .re
applicable. It can be scen then that the above quantity relates the strength of the
ignition source and the location at which the round cnters the tank to ignition
potential .,

The fourth quantity L‘Pdd/if’mf is a calculated pressure rise due to adia-

batic combustion within the ullage divided by a reference pressure such as the fuel
tank structural limit, that iz input to the model. The pressure rise due to combus-
tion is calculated based on a determination of the percent of the ullage mixture that
ic flammable. A sisnaard chemical equilibrium combustion program(QDE availabln

through CPIA) is used to determine the pressure rise. These calculations are cur-

rently performed externally to the computer programs. The required input is enthalpy
(determined by F/A) of o particular combustible zoue and the density. Output is the
combustion pressure of this zone. By summation of the pressure rise of cach zone,
over all zones that are combustible the total pressure rise is estimated. R
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SECTION 111
IMENTAL CQUIPMENT & TEST PROCEDURES

A fuel tank testing factlity, capable of simulating supersonic tight
profiles, and developed under previous Air Force support (Contract No.
F33615-67-C-1553), was moditied to permit sampling of the vapor mixturc
in the ullege space and to evaluate the effect of tank vibration. The eitire
test setup consists of the following six systems,

1. Temperature controlled experimental fuel tank.

2. Tank vibration system.

3. Vent air and fuel temperature conditioning system,

4. Tank pressurization (altituda) system.
S. Sampling System.

6. Recording instrumentation,

1. TEMPERATURE CONTROLLED EXPERIMENTAIL FUEL TANK,

A stainless steel (304) exverimental fuel tank, 2'india,5' in length and
3/16"thick was used throughout the entire test program Figure 2 shows the sketch
of the experimental fuel tank. The tank capacity was approximately 110 gallon
and was designed to withstand 120 psia internal pressurc. Pyrex windows
8 1/2" in diameter,werc provided at both ends of the tank for observation.
Specially designed port openings were provided for instrumentation mounting.

The wall temperature of the experimental fuel tank was controlled
through the use of electrical resistance heaters and cooling coils using water
as a coolant. The arrangement of resistance heaters and coaling coils is
shown in Figure 2 . The total heating capacity for the resistance heaters
was 39 kw.

<. TANK VIERATION SYSTEM.

Ir order to simulate the dynamic test conditions, the test stand was
modified to incorporate a vibration adapter and a spring bar system. The
details of the vibration adapter is shown in Figure 3 . The adapter was
connected to the spring bar by means of four shackles. Provisions were made
to vary the positions of the shackles along the length of the adapter. The
entire systemn (adapter and the spring bar) was installed over the test stand
as shown in Figure 4.

Input force to achleve tank vibrations was generated by a mechanical
vibration gencrator powered by a DC motor (one horsepower). The vibrator
was connected to the motor with a flexible drive shaft. The vibrator was of
the reaction type with counter rotating adjustable steel cecentric weights,
The gunerator had two shafts which were geared together so that the
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centrifugal force of the individual shat was resclved into a rectilinear force
normal to thie piane of the shait’s axes. The generator was mounted onte
the adaptor (shown in Figure 4 ) resuiting in the experimental fuel tank
vibrating in the vertical mode. Desired vibration levels were achicved when
the input frequency was in resonance with the gspiing bar system. Resonance
smplification factors as high as 15 were obtained. The natural vibration
frequency of the spring bar was directly related tc the distance between the
shouldered stud and the shackles {sec Figure 4). By varying the position
of the shackles . different vibration frequencies could be achieved. Speci-
fied vibration frequencies and vibration levels encountered during typical
flight environments were simulated by properly adjusting the positions of
the shackles. Tigure 5 1is a close view of the test stand with the vibration
generator mounted onto the adapter. An overall view of the experimental
fuel tank is shown in Figure 6,

3. VENT AIR AND FUEL TEMPERATURE CONDITIONING SYSTEM.

To better simulate vent conditions at high {light speeds, a specially
designed heat exchanger was used to contro!l the vent air temperatures. This
modification also had the added advantage of avoiding fuel condensation at
the originally unheated vent. The heat exchanger consisted of two concentric
copper .tubes, with outer tubes 3/4" in diameter anc inner tubes 1/2" in
diameter. The entire heat exchanger was approximately 20 ft in length,

Strip heczters were provided along the entire length of the heat exchanger.

Vent air was allowed to flow through the inner tubeg and the desired temperature
of the vent air was easily achieved by varying the airflow rate between the
conceniric tubes and the heat output of the stripped heaters. Tigure 7

shows the experimental fuel tank with the vent air heat exchanger. An
additional valve was installed to prevent fuel vapor entering the heat

exchanger during the ascent phase of the flight profile. A thermal

insulator (asbestos) was installed to prevent pocssible flame propagation into
the heat exchanger.

Immersion heaters and a separate heat sink bath were used to vary the
liquid fuel temperatures. Immersion heaters were installed inside the experi-
mental fuel tank. The total heating capacity of the immersion heaters was
26 kw. Liquid fuels at various higher temperatures were obtained by con-
trolling the rate of heat output of the immersion heaters. To obtain liquid
fuel at temperatures lower than the room temparature, a separate heat sink
bath was used. Figure 8 shows the liquid fuel cooling system. A refrigera-
tion compressor unit was used to condition the temperature of a water-glycol
mixture within the heat sink bath. Lower liquid temperatures wers achieved
by circulating the fuel through the heat sink bath,

4. TANK PRESSURIZATION (ALTITUDE) SYSTEM .

The desired ascent rate of the flight profile was obtained by controlling
the evacuation rate provided by a vacuum pump having a capacity of 15.2 £t /min.
A throttle valve in the 2" evacuation line provided the control of the evacuation
rate. A fine control was established by supplying bleed air to the vacuum line
via the ascent throttle valve and ascent regulator. The descent rate was obtained

11
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by isolating the vacuum pump and by controlling the air bleed rate through

the descent throttle and descent regulator. A nitrogen purge system was
provided to minimize possible reactions within the tank. The pressure control
system is schematically outlined in Figure 9.

5 SAMPLING SYSTEM,

Fuel air ratios of the ullage vapor mixture were determined using a
portable gas chromatograph with a flame ionization detector. Several impor-
tant criteria were used in choosing the appropriate instrument for measuring
the fuel/air ratio of the vapor phase. These included datla accuracy, capable
of measuring a wide range of fuel/air r: tios under variable total sampling pres-
sures, rapid sampling rate, small sampie size so as not to disturb the processes
occurring within the tank, ease of data analysis, and data reduction. The
portable gas chromatograph used in the program appeared o best meet these
criteria. This instrument was equipped with two different separating columns.
One of the columns was essentially a dummy column with no appreciable sample
separation. This allowed rapid determination of total hydrocarbon(iess than 30
seconds). Fuel/air ratios were deduced from these measurements. A second
column was capable of separating gas components more extensively. It was
therefore inherently more time consuming and was used only to analyze
hydrocarbon components to determine effective molecular weight. Figure 10
is a picture of the gas chromatograph and the integrating recorder.

Figure 11 shows the schematic of the automatic fuel vapor mixture
sampling system. The sampling probe was provided with five sample inlets.
These sample inlets were located at various selected positions within the
ullage space. Five electrically actuated sample selection valves, capable
of operating under high temperature environments (400°F) were used to select

the samples to be analyzed.

Figure 12 shows the location of the seiection

valves.
graph.

The sample line was directly connected to the portable gas chromato-
The entire length of the sample line (from the electrically actuated

valves to the g.c. inlet) was temperature conditioned to avoid condensation
of fuel vapors within the line. Flexible strip heaters were used and wrapped
around the sample line to raise the line to necessary temperatures in order

tn avoid fuel condensation,

An automatic seyuencing unit was used to operate the entire sampling
‘procedure. The sequence of operation was briefly summarized as foliows:

Event 1. - One of the sample selection valves and the sample interrupt valve
(solenoid valve immediately upstream of the vacuum pump) were first opened
remotely.

Event 2. - Gas sample was allowed to flow for 30 seconds to flush out the
samples prcviously retained in the line and at the same time to draw in the
new sample.

Event 3. - The sample interrupt valve was then closed to allow the line pressure =7

to equalize to that of the experimental fuel tank pressure (10 seconds). -

16
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Integrating Recorder
(located ir Control

?.?gflm 5y et 4 & Room during testing)

tlelium, Air, and
liydrogen Bottles

for Chromatograph NgRW a \ R | S
Oven/Columns 4 Y VR N ' ‘ i

Flame Ionization
Detector

Mercury Monometer Z
Used in Calibration JgS

£
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'igure 10. Gas Chromatograph for Fucl/Air Measurement.
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Control Room

Pressure Relief

Burst Disk
Individual Sample Probe
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Figure 12, Sample Probe Selection Valve Installation
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Event 4. - Helium gas was used to inject the sample into the chromat 7 |
. {sample injection valve actuated). ‘

. Event 5. - A second sample selection valve and the sample interrupt valve
were opened to allow a new sample to flow for another 30 seconds

-\ AANA M & H

Py

Lvent 6. - Analysis of the previous sample occurred 30 seconds after the
injection valve was actuated and the result was recorded remotely on an
integrating recorder in the control room.

The scquencing unit automatically controlled the opening and closing of
various valves and thus allowed analysis of (he five gas samples in scquence.
Pu:i : butane gas was used for calibration,

s e s

6. RECORDING INGSTRUMENTATION.

A total of seventeen thermocouples were provided for measuring
tuen e atures at various internal positions of the tank. Exposed thermocouples
waore provided for monitoring the vapor phase tomperature and remote junctions
were used for thermocouples monitoring the liquid phase and the wall tempera- :
tuies. The thermocouple leads were of variou. lengths and could be adjusted E
at the port where thoy entered the tank to reach different parts of the tank 3
interior. Appruximately 35 thermocouple clip. were provided con the interior .
of the tank walls so that the thermocouples culd be moved from one pnsition to
another. Two of the thermocouple outputs waie used for input to two feedback
contioller systems which independently continalled the liquid temperature and
the unwetted wall tempurature. Twelve (12} of the remaining thermocouples
welc monitored on a 12 point strip chart recorder. An oscillograph was also ; g

"
b b o s Lt

e

available for recording the thermocouple outputs over short periods of time,

Two programmer-controller combination s¢ts for independently controlling
the liquid-phase temperature and the unwetted tuink wall temperature were
used, The system was adjusted to operate in the range of 0-500°T using
iron~constant thermocouples. The electronic circuit of each controller

utilized a firing ciicuit to control up to 100 any.cres of current supplied at
460 volts.

L e

Each controller operated in any of the tis.: modes: manual, sel-point, or
programmer. Manual control permitted a linear increase in power supplied to
the load with an increase in dial setting up to 100%. Set-point provided a
means for dialing in a specific temperature to which it was desired tt 2 work
be controlled and throuqgh the use of the programmer a variable tempe. iture could
be specified. Programming was easily accomplished by drawing the desired
temperature~time profile on 8 card coated with o conductive film. Whe, this card

was inserted into the programmer a control sisinal was generated and transmitted
to the controiier as a control point.

DR " i b

A stri .n-gauge pressure transducer (0-50 psia) was used to continuously
mouito. the pressure of the exgperimental fuel tank. A strip chart recorder was
uscd to record the pressure transducer output. Rate of ascent and descent as
well as flight altitudc were interpreted based on these measurements,
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on that might occur within the experimental fuel tank
would probably be d ted by abrupt changes of both pressure and temperature
within the tank. Lower level lummous reactions often occurred, however, which
would not be detected by either of the above parameters. To detect these low
intensity rcactions and also to confirm the ocourrence of any normeal ignition,
a photomultiplier tube was installed outside the observation window at one end
of the test tank. The observation window at the opposite end of the
tank was optically shielded and a small test light was installed under this
shield to serve as a check on the operability of the photomultiplier. The
continuously monitored output from the photomultiplier tube was recorded on
a strip-chart recorder.

1
ADY normas

Vibration level and frequency were measured using two accelerometers
powered by charge amplifiers. Two units were used toc check for the rocking
mode by comparing base angle between output peaks. These units were cali-
brated at 1 g acceleration by dropping on a soft pad. Free flight acceleration
level was 1g. A multichannel oscillograph was used to record accelerometer

7. -TEST PROCEDURE

- Test parameters consisted of

~a. Altitude history

...—"b. Temperature history of fuel tank walls, A : : -
c. Liquid fue!l temperature.
d. Vent air temperatures.
e. Vibration level and frequency.
f. Fuel fill level.
g. Fuel withdraw rate.

The altitude history of the desired flight profile was achieved by first
rlotting the corresponding pressure history on the recording paper of the strip
chart recorder. The pressure of the experimental fuel tank was varied by
throttling various ascent and descent control valves such that the output of
the strain-gauge transducer (which registered the tanrk pressure) followed closely
the pressure history previously plotted on the recording paper. The temperature
histories of the fuel tank walis and the liquid fuel were attained by drawing

fnmnnr.—cfnrn rn‘\nfrr\l cards Hacﬂrﬂ-nng rk\

¢ desired t\..mycnuu.uc historics. These

card:a were inserted into the rrogrammer-controller combination sets for auto-

matic control of the prescribed temverature of the fuel tank walls and the

liquid fuel within the tank. Prescribed vent air tempecrature was attained

prior to each test using tne co-axial heat exchanger. Vent air temperature

could be easily adjusted by varying the air flow rate betweern the inner and .
outer tubings. By varying the position of the shackles, prescribed vibration .
frequency was obtained. The vibration level was alsc set to that prescribed

22 i
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measured flash point. Thus, the flash peint test used to determine when the

in the test plan. Prior to each test possible changes in the composition of the

liguid fuel were monitored using a closed-cup flash point tester. The tank

was filled to the prescribed fuel leve!l and fuel withdrawal rate was set to that
corresponding to the normal engine consumption.

Tests were conducted to (1) estahlish cac! tlam £1

~ % -
20 “ WA Dlisgh ¢ool Hame vorsus normail 1:ame

autoignition hazards and (2) experimentally determine fuel/air composition
existing in the ullage of the fuei tank. Photomultinlier date was used to
evaluate the flame asutoignition hazards. Gas chromatograph was used to
determine the fuel/air compositions. Gas chromatograph was properly calibrated
before each test using samples of pure butane. A mercury monometer was
used to accurately monitor the pressure of the butene gas. As the flame
icnization detector essentially counted the total carbon etoms, the output
signal »f the calibration run gave a relative measure of a known number of
carbon atoms. Fuel/air compositions were determined based on the calibrated
valves with corrections for changes of tank p:essures, and the ratio of mole~-
cular weight of butane and the fuel vapor. Tl antire sampling procedure was
operated using the automatic sequencing unit.

After each test, the flash point of the lower volatility (Jet A, JP7) liquid
fuels was again measured. When flash point deviations of 5°F were observed,
a fresh batch of liquid fuel was substituted.

The effective molecular weight of the fucl vapors was measured. For JP4
the value used was 72. For Jet A and JP7 the value used was 144°F, The
measurement was done by freezing the hydrocarbon vapors out of a sample drawn
from over the surface of the fuel using liquid nitrogen. After thawing the
pressure and weight of the hydrocarbon,gas was measured and the molecular
weight calculated {rom the gas law.

These number s were used to treat the fuel vapors as a single component
gas in both the reduction of experimental datu and the computer program
development. This molecu:ar weight will cha,.ge with both liquid temperature
and percent fuel vaporized. Changes should, however, show up in the

fuel required changing was a measure of the shift in molecular weight of the
fuel vapors (dis ulatmu of hg‘m ends).




SECTION IV
THEORETI AL MODELING OF AIRCRAFT FUEL TANK

FIRE AND EXPLOSION HAZARDS

Figure 13 shows the basic transport processes occurring within
the fuel tank ullage space. The main source of fuel vapor ts by evaporation
from the liquid surface. Fuel droplets are also present due to vibration and
sloshing of the fuel tank. Air enters. the tank ullage mainly through venting
and the evolution of air originally dissolved in the liquid fuel. In addition,
pressure variations, tank configurations, liquid temperature, fuel withdrawal
rates, type of fuel, and heat transfer between the tank inner-structure and
the ullage gas mixture often play very significant roles. To determine {ire
and explosion hazards of aircraft fuel tanks, each of these phenomena has
to be properly assessed and described.

Two separate and complementary models have been developed to
determine fuel/air concentrations within the ullage space in order to assess
the fire and explosion hazards. The first model describes the situation
when mixing of air and fuel vapor occurs very rapidly with no appreciable
fuel/air gradients within the ullage volume. This well-stirred model is
particularly applicable to describe the ascent and level flight portion of the
flight profile of shallow tanks.

During cruise at constant altitude, significant fuel/air gradients

can occur within the ullage volume. This phenomenon has also been experi-
mentally observed (Ref. 1). A second model or distributed F/A model,

was developed taking intc account concentration gradients within the ullage.
In this model, effect of fuel withdrawal is important and the volume of air
vented into the tank is governed by the volume of liquid fuel consumed by the
engine. This model properly accounts for the velocity field created by the
vented air coupled with the effect of molecular diffusion. TheThermal Analyzer
.LComputer Program for sclution of complex heat transfer problems has been
- properly modified to include the effect of convective flow as well as diffusicon
of mass rather than thermal energy in order to solve the fuel/air concentration
gradients within the ullage space. The following sections describe the
analyses and the computer programs that have been developed to evaluate
fuel tank fire hazards and to interpret the experimental work performed in
this study.

1. WELL-STIRRED COMPUTER MODEL.

The well-stirred model assumes that the ullage space is filled with
a homogeneous mixture of fuel vapor and air, The model properly accounis
for the rates of mass and energy transport due to fuel evaporation, venting
(in or out), heat transfer, and out-gassing. Provisions have also been made
for dropl=t formations in the ullage space due to condensation and tank vibra-
tion and sloshing. Appropriate expressions describing the formanon of draoplets
have yet ta be developed and experimentally verified.,
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The computer model requires the following varisbles as input:
a. Altitude protile

b. Liguid temperature history

¢, Skin and structure temperature history

d. Vapor pressure relations of liquid fuels

¢. Fuel vapor effective molecular weight

f. Ullage volume and exposed surface area schedule

g. Vent size

h. Estimates of internal heat transfer coeffients between ullage and
tank structure.

Atmospheric properties (pressure, specific heat, and temperature) are included
on a master tape of the Standard Atmosphere. The computer program calculates
the fuel vapor and air concentrations, the corresponding vent velocity, and
the bulk gas temperature.

The deteils of the well-stirred model_are discussed below:

“Basic Equations

The mass fraction of air in the ullage is defined as z = ma/m
where My is the total mzss of air and m is the total mass. The fuel vapor
mass fraction is thus 1 ~ z and the F/A ratio is

1_
F/A = =E {n
The total mass is given by
. PWM 5
m RT @)

_where P, V, T are respectively the pressure, volume, and temperature of the o

ullage and M is the average molecular weight defmed as

-1 .
"y / Z . l‘Z ~ - h (3)
L= YRR Y e ' CoooTanT
The internal energy is given by o - . .
’ mc T : 7 o o
e = —£— SR ()
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where Ep is the average specific heat:

c =(l=z)c. +zc (5)
P TR N
- - = - 1
and ¥ is the ratio of specific heats (CP/CV) or y = -—R——-—] where
l‘m"“'ap
R is the universal gas constant.

The rate of change of m, e, and z are found by taking the deriva-
tives of equations 2 and 4 and are

n:‘ -l; .\'l_i._ Y _1_.._..1_
mTF YV CT M2y ) ®)
e .m L7z T Lo 1,7,T (7)
= = = + {c_ -c_ VH+R { +
e m cp L P, Pg I\/lf -Ma _ T
. h
= -2 _zhn
z = — - (8)

“where th, &, 2 denote dm/dt, de/dt, and dz/dt., The time rates of change
of m, e, and m, must be equal to the net flux of each into the ullage.

Mass Flux

The net mass flux is given by

m . (8)

=m + + 1 - + ,
th My l’hev r'nog mcond mist

here the subscripts refer to the following:

Y = venting
ev = evaporation of the liquid fucl
) og = oputgassing from the liquid fuel or solution
cond = condensing of fuel vapors
mist = misting due to vibration

mev, l’hog, mcond' and r‘nmist can be calculated from the known conditions

in the ullage, once suitable relations are prescribed. !'zzv, how

depends on specific flight profiles and has to be solved simultareously

o
VErT ,

ay

with other variables. Implicit in this formulation is that the tank pressure
approaches to the local ambjent pressure instpnr,,tapeousiy . ,For_t;_a,gks whgiégf _

s e AR AT AW




this is not true, the pressure history is that of the tank pressure,

The net flux of air into the ullage volume is the sum of air off-
gassing mog zog and venting mv z,-

= ” - 10
rha mog %og + t, zV (10)

zog denotes the fraction of air in the off-gassing mixture from the liquid
fuel. z, is introduced to distinguish the difference between air venting
into the ullage volume as during descent and level flights and fuel/air
mixtures venting into the atmosphere from the ullage volume as during
ascent. In the former case where only air is entering the tank, z, =1,
In the later case, z, is equal to the calculated fraction of air in the

ullage mixture.

Energy Flux

The first law of thermodynamics for an open system can be expiained as

Q +Z mh =& +w (11)

where Q is the rate of heat transfer to the system. erhihi are the net energy flux
assoclated with the mass entering and leaving the system. & is the rate of change
of the internal energy. The energy associated with the vapor mixtures entering
and leaving the ullage volume can be expressed as follows:

Emihi = mvchTv + evcpr + r’n <p an

[e]
~

mcond(cpr - Ahf) (12)

where l‘hv c Tv denotes the enthalpy flux due to venting. When the gas mixture
ris venting from the tank into the atmosphere, cp Tv, and m,, are equal to the
respective fuel/air mixture properties inside the ullage. In the case when air
is entering the tank, m,=m., cp__ =cy and T, is determined based on the
local recovery air temperature assdciated with the supersonic flow of the
aircraft. rhe cp T, and h g cp Tf denote the enthalpy flux due to fuel vapor
and off-gassing {rom the liquidoguel The temperature of these gases are at
the liquid fuel temperature Tf The enthalpy loss due to vapor condensation

in the ullage is denoted by ,mcond(cpf
28
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vaporization of liquid fucls. The heat transfer to the ullage volume is

Q:

N

1 A, (TJ.-T) {13)
where hj is the heat transfer coefficient, the Aj is the exposed areca of

ullage interior surfaces and the Tj is the temperature of various tank

surfaces. The enthalpy flux due to heat transfer is calculated by summing

the contribution from cach surface, including the liquid surface.

W is negligible compared with Q and 7. hit'n1 and is assumed equal
to zero. Substituting equations (12) and (13) into equation (11) , we obtain
¢ =m c¢c T +m_c¢_ T
v p

.+t m_c T
v Vv ev pft 0g pog f

n
‘mcond(cpr - 2hy) +j§l thJ, (TJ,—T) (14)

Evaporation Rate (fh_ )
ev

The rate of vapor evaporated from the liquid fuel to the ullage volume
is directly proportional to the difference of the vapor pressure of the liquid
fuel pi'f and the partial fuel vapor pressure of the gas mixture in the
ullage Py The mass transfer rate due to evaporation (Ref. 4) is thus

Moy~ PY = Pg= Ak (P} - pp) My (15)

A is the expcsed liquid surface area. The mass transfer coefficient k;g (Ref. 4)

is expressed as

DV_P
kg = RTB. 6 (16)
a
where Dv is the molecular diffusivity and & is the characteristic transfer
length. Ba is the logarithmic mean partial pressure and is defined as
- pf - p*
p, = (17)

a ﬁn(pf p*)
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Equation (15) describes the rate of evaporation of the liquid fuel including
the effect of vent air "blowing" over the liquid surface. This is accounted
for by varying the characteristic transfer length § which decreases with

increasing velocity over the surface.

Off-gassing of Dissolved Air in Liquid Fuel (rhog)

Evolution of air (oxygen) into the ullage volume is described by
Henry's .Law relation, i.e., the mass of gas dissolved by a given volume
of solvent, at a particular temperature, is proportional to the pressure of the
gas in equilibrium with the solution. Likewise it may be derived that the rate
of solution or evolution is related to the rate of change of pressure of the gas

above the liquid. Mathematically this may be expressed as (Ref. 5).

mog = -K (md-me) (18)

where r'nog represents the rate of gas evolution and or solution; K is an
experimentally defined coefficient dependent on fuel tank geometry, vibra-
tion level, and fuel type and temperature. md is the current mass of gas
dissolved in liquid fuel. me is the equilibrium concentration of solute gas

in the liquid that would exist at that instant during the flight profile.

The quantities md.and m, bear further discussion. The solubility
of gases in liquids is gencrally expressed in terms of the Bunsen coefficient
{8) which is the volume of gas, at 0°C and one atmosphere pressure, dissolved
in @ unit volume of sclvent (fuel) at a gas partial pressure of one atmosphere
and at a particular temperature. The mass of gas dissolved in a liquid at
one atmosphere partial pressure as represented by the Bunsen coefficient

is then

_AM___
0.797x453 "4

i
where the quantity ,797 represents the volume (ft®) occupied by one mole of
gas at these conditions, M is the molecular weight of the dissolved gas, and

Vzi is the total vclume of liquid and 453 represents a conversion of units.
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The initial mass of air m g prior to aircraft ascent, disselved in the 1
liquid is then by Henry's law '
_ BM 7 Pain
i T . 0797x453 \T4.7.) Vgi (19)
where pai/14'7 is the initial air partial pressure in atmospheres.
The equiltbrium dissolved gas concentration that could exist at any
time during the flight is then
|
L

_ __B8M Pat) <
m, = T.797x453 (14.7 Vi (20)

md. the current mass of gas dissolved in the liquid fuel, is the
initial mass of air, Mgy minus the total off-gassing jc

FPTVPTLS FPTP,

h_ dt* =m and the
og

tt=0 99
' t
amount of the dissolved air removed due to fuel withdrawal ‘[ My
K - h dt',
mp ¢
thus m, can be expressed as '
t my Co=
m,=m, -m__ - | == dt @2n
d di og t'[=d m'e ¢

Substitute equation (20) and (21) into equation (18), the following equation
describing the rate of air off-gassing is obtained.

t m
- - BM Pai v, _ _ —d '
e Mgy =K [ 0.797x453 \T14.7.) VaiMog = J_ W, M, &
/' P, ®
AM a a
0.797x453 T4.7 V4i | (22)

=
E.
E:

Solution of equation (20) gives the rate of air off-gassing r‘nog.
When gases dissolve from a mixtu.e, such as air, instead of from a

pure gas, the solubility of each component is proportional to its own partial

pressure; in other words, Henry's Law applies to each gas independently of
the others present in the mixture. In fact in aircrait fuels oxygen is more

soluble than nitrogen. As the current prograra model treats only two species,

air and fuel, differences in relative out-gassing of oxygen and nitrogen are
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Condensation (mcond) and Misting (i )

mist

Condensation of fuel vapors within the ullage into the liquid surface
can occur because of two reasons: (1) venting and velocity effects may blow
or congregate fuel vapors to a particular point where they exist at a concen-~
tration higher than that corresponding to the vapor pressure and (2) when the
liquid fuel has a temperature lower than the saturation temperature, the fuel
vapor condenses on the liquid surface. In the program under discussion _
{The Well Stirred Model) concentration gradients within the tank is negligible.
Condensation may oceur if the fuel is initially at an elevated temperature
corresponding to a very high vapor pressure and due to flight phenomena the
temperature of the liquid decreases rapidly. A condition may still exist where
vapors are higheor than that of the current vapor pressure corresponding to
the liquid temperature. In this case condensation will also occur. The
current model has provisions for the inclusion of condensation phenomena

but as yet no relations describing at which it occurs are included.

Misting or the existence of two-phase mixture within the fuel tank
ullage may occur because of two processes: The first is that a rapid ascent
of the aircraft results in an expansion of the ullage gases thercby rapidly
lowering the temperature. If the temperature is lowered to the dew point of
the fuel vapors, two phase mixture will occur. The second method is by a
mechanical injection of liquid particles into the ullage space, due to waves
genecrated by vibration and sloshing characteristics associated with fuel tanks
during normal flight environments. It is known that the formation of mist can
significantly extend lecan flammability limit but very little is known about the
rate or quantity of mists that can exist within the fuel tank environment.

The Well Stirred Computer Model has provision to describe the formation of
misting but no specific relations have been developed to describe mass flux

induced by misting in the ullage.
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Governing Equations

rha can be eliminated using equation (10). Equation (8) thus takes

the following form

m m v m (2 3)

Aol b

wherg has been substituted for the internal energy e. Reiterating

T
Ji m,ni 4 i,

equations (6) and (9)

3i5°
IR

+ =+ Mz ( (6)

]
9
s
u
o .
+
<I<-

4
M,

L e e il

-t = lhﬁ-v * mcg - r‘nco':‘.c.* @
the governing equations, (23) and (24), equations (6) and (9) have been
numerically integrated to solve the four following quantities: m, T, z,

and m . Equations (18) and (22) are used to describe r’ne and rhO . The
calcuiations performed to date, mmist and mcond are assumed negligible.

The Well-5tirred Computer Program is capable of evaluating the eftect of

Leadl e e

misting and condensation, once the appropriate expressions describing these
phenomena are developed.

i
d
‘:;‘.
A
£
E
E}

33




2. SAMPLE RESULTS FROM WELL-STIRRED COMPUTER PROGRAM.

A series of computer runs was made using the Well-Stirred Computer
Program to demonstrate the effects of the varinus important phenomena that
are described in the mode!l formation. The tann configuration shown in
Figure 14 was used [or these sample cases. i tank dimensions were
15'x5'x2" with a total fucl canacity of oppro:. aately t!ut gallons. The
tank was filied initially -with jet A fuel t o BG . o0 its cupacity (i.e.,
the depth of the fuel was 1.t L))

The flight profile ~f the samole casc  asisted of @ 20 minute ascent
portion at 2000 ft/min ascent rate to 40,000 [t .ltitude, a 60 minute level
flight at 40,000 ft aititude; a 40 minute descoent nortion ot 1000 ft/min, descent
rate. Figure 14 shows the altitude histoir of the sumple case flight profile.

The cruising speed at the level flight corresponded to 0.9 Mach number.

The aircraft was assumed tn accelerate linearly trom zero velocity to 0.9 Mach
number during the 20 minute ascent portion and decelerate linearly from Mach 0.9
to zero velocity during the 40 minute descent port:on. The top and side walls

of the tank were initially at 110°F. The sample catculation demonstrated the
effacts of different initial fuel temperatures (50" F and 110°F); fuel withdrawal
rate (zero fuel withdrawa! versus seven gallons ninute)

Figure 15 shows the fuel/air ratio variations throughout the complete
flight profile for constant fuel temperature ot 110°F and 50°F respectively
without fuel withdrawal and without air outgassing. The solia lines are
equilibrium fuel/air ratios, i.e., the fuel pertial pressure corresponding to
the vapor pressure at the liquid fuel temperature. The dotted curves show
the calculated fuel/sir retios. It is seen that the calculated fuel/air ratios
are significantly lower than that corresponding tv tha equilibrium fuel/air ratios.
Even at the end cf the ane hour level flight, the calculated tuel/air ratios in
the ullage volume approach to oaly approatualely 80% of the equilibrium
fuel/air ratios (see Fig. 15). This "lag phenomena" is e result of the low
volatility of Jet A fucis. The rate of evaporation of liguid Jet A fuels is very
slow in that it takes hours for the ullage mixture to reach equilibrium vapor
concentrations (the snlid line in Fig. 15) after 7 normal ascent. It is antici-
pated that this lag shenomena would be much less pronounced for high volatile
fuels such as JP-4. During the descent porticn »f the flight profile, Fiqure 15
shows that the calculated T/A ratios follow closely to that of the equilibrium
fuel/air concentrations.

Figure 16 shows the effect of fuel withdrawal at ¥ gecl/min {(curve 3)
and fuel withdrawal with air offgassing (curve 4).The liquid fuel temperature
is at 110°F. Also shown on the figure are the equilibrium fuel/air ratios
{curve 1) and calculated fuel/air ratios without fuel withdrawal and air off-
gassing for comparison. Fuel withdrawal is found to play a significant role
in the ullage fuel/air ratics. The results show that as fuel is withdrawn from
tank to simulate engine fuel consumotion, the increased ullage volume is
mostly filled with air vented into the tank. Thas groatly reduces the funl/air
ratios in the ullege. Figure 16 shows that the: effect of fuel withdrawal is
more important during leve. {light. For fuel withdrawal rate of 7 gal/min, the
calculated fuel/air ratics in the ullag~, after Hne hour level {light, is only
about 50% of that without fuel withdrawwval (coano:e curven 3 and 2)Fig. 16
The effect of fuel withdrawal also significantly lowors the ullage fuel/air
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ratios during the descent portion of the flight profile.

Curve 4 shows the fuel.air ratio variations witliin the ullage taking
into account the effect of fuel withdroweal and offgussir., of dissolved air in
the liquid fuel. The effect of air offgassing is primarily noted during the
ascent. This is to be cxpected since offgassina .iily ocvurs when there
is a decrease in the ullage air vartial pressurc.

of the important parameters discussed in the model. The vesults are applicable
to wing tanks of an uirplane flving under presaib.ed fhignt profiles. The
results demonstrated the existence of lag phenonicna due to slow fuel evapora-
tion. Also demonstrated vwus the effect of increase in ullige volume due to
fuel withdrawal and the cffect of air addition int» the nliane due to the
evolution of dissolved air within the fuel. The values sel:cied for the para-
meter which control each of these transport ruto arocessas are the best
available at the present time and the computer prograurn can be used to

predict the existence of combustible mixtures withia aircraft fuel tanks.

These sample runs were selected to demaonstrate the effects of some
1

3. DISTRIBUTED I'/A MODEL.

During cruisc at constant altitude, significant tucl air gradients can
occur within the ullage volume. This is particuiarly true for certain tank con-
figurations where the ratio of ullage volume tn ~xnosed liquid surface erea is
large. A separate model was developed to describe situaticns where concentra=
tion gradients in the ullage volume are significant.

Basic Equation

Consider the uilage volume V consistinag of twn ri: onecies, fuel
vapor and air. Define ¢ as the density of the gan mixtuio and i and s
as the densities of fuel vapor and air in the ullug. olume.
Thus ’
:f - :d - (25)

[&]

Define C, = 2,/¢ and C = z_/:, thus
f L d ad

Ce+tC, =1 (26)
In terms of the notations used in the weli-gtirred andel, m LT :a'\f,
rrlf = pr, and m = 2V. The continuity eguation, cwxpressoed iu terms of Cf
is
9L,
e 5T-+%A."CF - (2D C) (27)
where D denotes the binary diffusion coefiicient ~f fusl ooy and air and

i e, g s mainly introduced
d fuel is consiantly being
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withdrawn from the tank for engine consumption. g is thus normally small
and the pressure P of the gas mixture is assumed to be uniform. Thus P

is a function of time t only: P = P(t). Similarly, the temperature of the

gas mixture T is also assumed to be a function of time t only: T = T(t).
Based on the equation of state, the gas density ¢ is also a function of time t
only, g = ¢ (t). Equation (27) can thus be simplified:

ST+ @7 C; =D C (28)

Equation (28) is numerically integrated for a prescribed pressure and tempera-
ture history P(t) and T(t), and a prescribed velocity flow field g based on tank
configuration and air venting into the tank.

Method of Solution for Equation (28)

The Thermal Analyzer Program (Ref. 6) has been previously developed to
compute transient temperature distribution in configurations of arbitrary com-
plexity. This program was modified to include the effect of convective
flow q and was used to solve equation (28) to determine fuel/air concentration
gradients within the ullage. This program solves cquations in finite difference
form by means of a resistance-capacitance electrical analog finite difference
method. The comparable variables in the mass transfer and electrical current
flow systems may be noted as follows:

MASS FLOW ELECTRICAL
Mass Concentration Voltage
Mass Flux Current
Resistance to Mass

Flow = 1/D Resistance
Characteristic Volume

of Mass Capacity

At a given node point k,

2,t :

- -

T D&y

the solution is obtained by applying Kirchhoff's Law at a point, or

39



T T T I RN T Ry ey

i ¥ )

g.‘,
=

C -C dcC
jt Tkoto_ k
L R Tk at (29)
i i
where
Cj t = Concentration at time t of any arbitrary node j connected
! to node k by a resistor Lj
Rj = Resistor connecting nodes j and k, coupling diffusion & conv.
Cy t = (Concen ation of node k ¢t time i
Ck,t+At = Concentration of node k after time increment At
Sk =  (apacity of node k

By making the assumption that the surrounding concentration, Cj, remains con-
stant over a time interval At, it is possible to integrate equation (29) directly.
However, as a result of a comparison study, it was found that better results
were obtained by using the equation which resulis from assuming

dCy Ckitﬂlt-ck[t 30
dt ~ At ' (30)

and solving for Ck tﬂtdirectly than by using the integrated equation. This
¢ {

comparison was made by running the same problem using both equations and

varying the computing intervali Aat. It was found that the linear equation, i.e.,

that obtained by using equation (30) was far less scnsitive to At, and that the

‘results obtained using the integrated equation approached the linear results

as ot * 0, Although the integrated equation is “"exact," it is suspected that
the linear approximation, which "leads® the exact solution tends to anticipate
the results. As a result, the equation used by the computer to solve the mass
balance at a noda was derived by combining equations (29) and (30) to obtain

R, K,t

—C '
CI AAJ- 4\:— r)_‘ l—L-‘L .].'?'C
A S j =

If the value of capacity i‘.k is zero, e.g.,, in a steady state. propl;m Ck t
in Equation (29 is xeplaced by Ck pept 0 9ive
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If no capacitor is attached to node k, i.e., £ unspecified, mass balance is

computed at node k and Ck remains unchanged.

It is to be noted that the ne ¥ concentration at a node is based upon the
concentration at the previous time point. To 1iake the new concentration inde-
pendent of the order in which they are computed, each node is provided with

two concentration storages, one tor the "old" concentration, C and one for

kK, t'

the "new" concentration, C At the beginning of each cycle, the values

k,.t+at®
in the two storages are identical. During the mass balance, the concentrations

in the "C at t" block are used to compute new-values which go into the "C at
(t+:t)" block, the old concentration values remaining unchanged. At the end
of the mass balance, the concentrations in the "t" block are set equal to those
in the "(t+)t)" block and the process repeated.

4. SAMPLE RE5ULTS OF THE DISTRIBUTLD /A MODEL.

Consider a rectangular fuel tank (36"x36"x40") initially filled with
liquid fuel to 80% of the tank capacity. As fuel is being withdrawn from the
tank, fuel/air gradients appear due to air vented into the tank. Based on the
tan< configuration, it is seen that tucl air gradients mainly exist in the
direction normal to the liquid fuel surface. Based on this one-dimensional
approximation, the distributed F/» model is used to determine the fuel/air
gradients normal to the liquid surtuce. The ullage is initially assumed to
consist of a uniform fuel/air mixturce. The liquid surface is receding at a
rate corresponding to the fuel withdrawal rate. The air is assumed to vent
uniformliy through the top of the tank.

Figure 17 shows the calculated fuel/air concentrations for liquid
JP4 at 46°F, with fuel withdrawal rate maintained at 1/2 gal/min. The curves are
presented in terms of fuel/air ratios as a function of distance from the top of the
tank. At time t=0, the ullage mixture hag « uniform concentration as shown
by the horizontal curve. Once air is vented into the tonk due to fuel withdrawal,
significant fuel/air gradients appear as shown by curves at time t=0.5 hr,
t=1,C hr, and t=1.5 hr. Based on the calculitions, it is seen that for
liquid TP4 at 46°F the gas mixture in the entiic ullage is within {lammability
limits.,

Under scparate Army support (Ref. 1) an experimental program was
carried out to determine fuel/air concentrations of the ullage volume based on
gas chromatograph mecasurcments. The experimental data are also presented
in Figure 17 for comparison. The calculated tucl/air ratios using distributed

41

P N L (32)

il

Lot ik s b M 2 e




TR IPT RO, ! 7

Fuel/AirMass Ratio

Time §Hour)
i t =0
AL t =5 Lo - -
t = 1.0 o -
- t = 1.8 — - o —
A Test Data,(t-1.5 hr)
- from Ref. 1
31
Rich Limit
-2 - 3
X S T
e p / A
7 .
¥ s A
R Ve
: s/ / ’ A
- / < /
/ / ,
1t / s s A
7~ ” A
-
f/ // A
— _ A
A FAY
Lean Limit
/ﬁg A
o] —h [ —tn i ek .l 1 . i 1 1 [ " 2 i "
0 2 41 6 8 10 12 14 16 18 20 22 24 26 2% 34U
Distance Trom Top of Tank :
4z Figure 17.lefuoslon/Convcctlon Program Results for JP-4
‘ at 46 ¢ AR

RO

i e i b eI

i
i
i
i
i

e b bl
e o b

PP R YOO R




F/A model show good agreement with experimental measurements. (compare curve for
t=1.5 with experimental curve).

Similar results are also presented in Figures 18 and 19 for liquid JP4
at 60°F and 107°F. It is noteworthy that if the uliage were assumed to have
uniform fuel/air mixtures, with fuel vapor concentrations corresponding to the
vapor pressure of the liquid fuel, the vapor mixture in the entire ullage will be
too fuel-rich to be combustible for liquid JP4 at 107°F. Based on the calculated
results as shown in Figure 19, it is seen that because of the presence
of fuel/air gradient, a significant portion of the ullage near the top of the tank
contains combustible mixture even for liquid JP4 at 107°F. This observation is
also verified by the experimental measurements as shown in Figure 19,
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SLCTION v
LXPLRIMENTAL RESULTS AND DISCUSSION
1. FUEL/ATR COMPOSITION MEASUREMENTS

Using the equipment and procedures outlined in v oticn I, a scries
of flight simulution tosts were run to determine fuel/air composition maps as
a function of thight prstite, The mmportance of oious transport phenomena such
as the evoporation rete, evaporative lag, and an outgassing wasg also investi-
gated. The flight simulations were constructed by dividing a flight profile
into its thico portions: ascent, level flight, and descent. Tor ascent and
descent the flight variibles varied betweesr tests wre fuel type {JP4 or Jet A),
rate of pressure change (ascent/descent rate), .o the existence or nonexis-
tence of vibration. Vibration levels used were approximately 1/4 G at 10
cycles per sccond. Tigquid temperature of 80 and 120, and 180°F were examined.
For level flight thoe test variables were fuel typo, altitude, liguid tempaorature,
and the existence or nonexistence of vibration. All level flight profiles were
run with the inclusion of fuel withdiawal at o rat. »f approximately .94 gal/min.
A summary of the test variables is presented 1 tigure 20, Three sample probe
locations were used. Thase are showa schomatically in the following figure. (21)
Probe 1| was located in the moutn of the inlet ar vent. I'robe 3 was at the same
level as 1| but 6" axially from the vent. Probe 2 was 4" from the ton of the tank
and 27" axially fron Probe 2, All tests were intuated with the tank half-filled
(approximately 50 gal of fuel added) and the fuei at the prescribed test temperature,
Skin temperatures \werce left at ambient conditions as was tho inlet vent air

~ temperature.

These variables cited above were selecte b demoastrate the important

~phenomena that can occuor because of various fligh. and te. 1 unloading conditions.

Runs were sclected where a fuel-rich mixture of jP4 could wecome combustible
due te evaporative lag with high ascent rates. Similarly the Jet A runs were
selected so that an initially cembustible mixture could bacome too lean because
of the same phenomena. A second purpose of the teost sories vas to determine
what flight regimes viceld the largest niixture gradieits within tho ullage of the
fue) tank and to determine the parameters which loud to oxtrene gradient condi-
tions.

Ascent Flight Test Rosults,

Tigure 22 masonts the results of the ascant runs mads with JP4 fuel.

‘The following conditions were tested: 80 | (uel voith no=-vibiration and 2000

ft/min ascent; 80 I fual with vibration and 2000 tt ‘min asceno and 120°F

fucl with vibration and a high ascent rate of 6000 tt/min. The test results

are coded to the particular tost by individua! symbols. The numbers assacia-

ted with the data points refer to the probe lecation at which the sample was

taken. Also plotted on the figure are equilibrium tuelZair ratinos, These

correspond to the case of infinite evaporation rate. By comparing the two

runs at 80°F we sce that the run with vibration Inga~d 1n fuel Zair ratio hehind

the no-vibration run: and that the rua without vibration was close to agquilibrium

at the beginning of ascent ard departed near the ond of ascent. Also it is noted

that gradients withun the tank at any particular tune appearaed to be rather small,
. )
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Ascent to 40,000 ft Descent
Test No, 11713 4516 Test No. 1213 4
Fuel Fuel
JP4 XX |X P4 XX
Jet A XIX|X Jet A i X X
Rate ft/min Rate - ft/min :
2000 XX X X 2000 X1X X
6000 X X 8000 X
Liqid Temp, Liquid Temp.
80 X1 X 80 X1X
120 X A1X 120 X X
180 X 180
Vibration 1 Vibration
0 X 0 x X
.25¢g@10cps | X|X XXX .25g@10cps X X
Level Flight with
Fuel Withdrawal
Test No. J 1123 415
Fuel '
JP4 XiX
Jet A X XX
Altitude
20,000 ft XX
40,000 £t X XX
s.lquid Temp.
80 XX X
120 X X
Vibration
0 X X
.25g@10cps % X1X
Figure 20. Test Matrix For Fuel/Air Measurements.
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The diticience in laa phenomena between thuse two runs may be attributed to

& dectease i furlsair ratto due to air outgassing from the fuel induced by
the vibiation, AU 12071 and 6000 fi/min ascent rate the fuel could remain -
very close to cquiltbrium, That is the tuel pressure within the ullage remains
close to its vap.n pressure. For this run boiling of the fuel occurred at an
altitude ot 35,000 t1, thereby terminating the run. From these results it can
be seen that even with a relatively volatile fucel an cvaporative lag may exist
at temperatures as high as 80°F, The lag at 80°F, however, was not sufficient
to bring this misture within combustible bounds. Piguie 23 presents tho test
results frone an ascent test conducted with Jet A, Thesce tests were conducted
at 12071 with vibration at ascent 1tates of 2900 and 6000 {t./min and 180°F with
vibration at ascent ratos of 2000 ft/min. Also plotted on these curves are the
equilibrium tuel air wixtore ratics. It can be seen tnat Jet A at temperatures
of 120 an.i 180°F and ascent rates of 2000 ft/min ncarly approaches the equili-
brivm vap ¢ pressuice. The lag measured is relatively mnor. At 120°T with
6000 ft/min ascent rate, however, a lag of approximately 507% of fuel/air
mixtire was noted. It 15 scen then that evaporative lag is controlled by the
temperature {(vapor prassurs) of the liquid and the rate of ascent of the fuel
tank, with ascent rate appearing to be more important in the range ot condi-
tions investigated. It is noted thiat gradients within the tank at any time
appear rathaer soall.

Desvent Test Results.,

Figure 24 presents the results from descent tosis conducted with JP4 -
- fuecl. Thease tests wore initiated from an altitude of 40,000 ft with a one-half
~ full fuel tank. The JP4 runs were conducted at 80°1' liquid temperature, no~
vibration, 8000 1t/min descent rate; and 80°T liquid temperature with vibration,
" and 2000 fi/min descent rate. Also plotted on the curve are the equilibrium
fuel/air mixtures, It is noted that the mixture tends to be below that of
eguilibrium. 7This is due to a net velocity of air into the vent essentially
-sweaping rhe {vel vapors toward the liguid surface. It can be seen from the
figure that Probes 1 and 3 closest to the vent showed much lower fuel/air ratios
~al any particular time, than Probe 2 which is closer to the liquid and further
away from the vent. Probe 2 is still some 8" above the liguid and also indi-

R, .
L

probes woere avellable the total mass ot tuel vapors would be nearly the same as
before the start of descent except for a smail loss aue to condensation, It is possi-
= blo ia redistribution of fuel vapors for the vapor pressure at the liquid surface to be
' o excecded and condensation of fuel vapors into the liguid to occur to some extent.
. LAThe rather limited number of data points acquired at 8000 ft/min descent rate does
7 Fnot give one a complete picture of what is occuriing. Compariszon with the results
chizined at 2000 ft/min descent rate, however, permits one to daduce that the
sSame processes are occurring.

figure 25 presents the results from the sinulated aescent tests conducted

Cwith Jot A fuel. These tests were also initiated from an altitude of 40,000 ft with a
one-half fuel tank. The Jet A runs were ronducted 't 120°F liquid temperature, des-
cent rate of 2000 ft/min, with and without vibration and a descent rate of 8000 ft/min
with vibration. The data for Jet A also show & departure from equilibrium but not to
as great an extent as the P4 data. While no obvious explanation has been found,
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Figure 23. Jet A Ascent Tests to 40,000 {1 - 1/2 I'ull Tank.
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Figure 24. JP4 Descent Tests frow: 40,000 ft -~ 1/2 Full Tank.
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the ullagc in the case of Jet A contans an order of moegnitude leas vapor than {or
JP4 cven at equihibiunt so that the noneguilibrium dilution by air may not be &5
dmmatu, for Jet A as 1t is tor JPL. An might be expected, sompling Station 1 at the
vent inlet doeparts more 11 -‘q\llublmm than the nthers and Station 3 ShOv‘\_‘

ES Nalata (o

laiger d departure thain Station 2 which is essentiaily at canilibrium,

Level Plight Test Results

trqure 26 presents the tesults from the tevel fhight tests of JP4 fuel

These tests wete tun by tapidly decteasing the pressure to the prescribed
altitude, thereby causiig a noneguihtaiue. mixtwe. At the time the desired
altitude was reached vory hittle evporation had occurted. Tuel withdrawal

294 gal/min was ther mitiated for g total of 20 minutes. As the total tank
volunme is approxeaately L0 qallons and the tests were tun initially with
50 gallons, 20 aatlons ot tuel withdrawal over this pariod represents a 1/3
inciease in allage volhicne at constant vressure. By starting the fuel with-
drawal after a tapia nise in atutuade, we nay exanine the competing effects of
fue!l evaporation and fuel loss. Tucel withdrawal 1s expanding the ullags space
intend:ing to reduce the fucl concentration as air is admitted to maintain
pressure. Fuel cvaporation is attempting to rotwrn the fuel partial pressure
in the ullage to that corresponding to the vapor pressure of the fucl at the
test temperature,  The tend over time of cither increasing or decreasing fuel/
air ratto then indicates the predominance of on : effoct over the other.

The tests shown in igure 26 were both done at 20,000 1t altitude and
80°T liquid temperature. The difference between the two was in whether or
not the tank was vibrated. Alsa plotted in the tigure iz the equilibiium fuel/
air ratio corresponding to the vapor pressure ot the fuel at 20,000 ft. It is
scen that in the case with no-vibration the general trend is toward increaring
fuclZair rato approaching equihibrium indicating evaporation is occurring fast
enough to overcome tie noncquihibirium initial condition and to compensate for
fuel withdrawal. The 1uns wath sabration show o general trend towards a level
ar slightly decreasing tunl/Zaun ratio. This offect may be attributed to air being
outgassaed from the fuel duc to the vibration eavironment., It may elso be noted
in the figure that the Probe 1 located at the vent inlet is generally lower in fuel/
air composition than Probie 2 or 3. This would be expected as the inlet ai
required to maintain the constant pressure compansating for tuel liquid with-
drawal caters in this region. The general trend in composition within the tank
cen be seon tram thegse fiqures bot concentration gradieonts are rather ditficult
to deting. One factor that waould tend to confuse the picture is that the pressure
control system requires manual operation to maintain the constant altitude.
The operator must theretore turn a control valve to admit air and maintain
pressure. Thig resalts in g "pufting” and could lead to a high degree of
stirring within the tans, Also the ullage is rathor shallow which would tend to
decreasc any gradient io o vartical duection,  In essence the level fhight profile
data run for JP4 fucl dicates o fuclZair gradient axially towaid the vent but
dees not scom to 1adicate any trends with distance away from the fuel surface.

Figuie 27 s showin with test resuits from ievel fhight with fuel with-
drawal using Jet A tusl, All runs were conducted at 40,000 {t altitude. Two
runs were conduciod at 120 U tuel temperature, with and without vibration and
a third test was coducted at 80 I fual with vibration. The general trond of
the data tor the two runs conducted at 120 F fuel 15 the same as that shown
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for 1P4 at 8071, that is the run without vibration tended to increasce the fuel/
} air ratio indicating evaporation occurring morc rapidly than air admission due
to venting and in the other case with vibration the fucl/air ratio tended to
remain level or slightly decrease. Again this cffect could be attributed to air
evolved from the liquid fuel due to vibration. Also in the same figuie is shown
the test at 8021 with vibration. The gencral trend here 1s for fuel/air ratio
to decreasc during the run. This effcct has been consistently noted throughout
the entire level flight test series. In essence it appears that in the abscence of
vibration, fuel evaporation is sufficient to overcome the amount of air being
admitted into the tank to maintain constant prossure. With vibration, however,
an additional air component due to air cvolution from solution contribiutes to
the amount of air being added into the ullage thereby toending to decrease the
fuel/air ratic. Also in these runs it may be noted that Probe 1 genctally tends
to be lower mixture composition than Probe 2 and 3. Again this is to bc
expected as Probe 1 is mounted within the inlct uf the vent air,

2. COMPARISON BETWEEN EXPERIMENTAL AND ANALYTICAL RESULTS.

To demonstrate the salient features of the Well-Stirred Computer Moriel
and its capability to predict mixture ratio transients, a secries of runs was made
to provide a comparison between experimental and analytical fuel/air mixture
ratios. The runs were selected to simulate the test conditions for the experi-
mental ascent tests made with JP4, Threc sets of conditions were tested,
these being:

. A20°F fuel, ascent rate 6000 fpm, with vibration
80"F fuel, ascent rate 2000 fpm, with vipration
80°r fuel, ascent rate 2000 fpm, no vibration

) The comparison hetween measured and calculeted values is prasented
“i in Figure 28 ana is felt to be quite good. Somc additional discussion is necessary
*  however.

After the fuel properties, tank geometry. fill ratio, and temperature
(wall and liquid) were input to the program, it was necessary to calibrate or "tune"
the program as far as evaporation rate was concerned., This was done using
- the experimenta!l data for the 120°F fuel run. The characteristic length {o
mass transfer () used in calculating the mass transfer cocfficient was varicd
until this data was matched. The value resulting was .01 ft which repiesents
a reasonable size for a mass transfer boundary laver. Once this value was
“fixed, " it was used for the remainiag runs.

The data from the run at 80°F with no vibrotion correlated well as seen
by the figure when the same evaporation iength (6) was used. No air outgassing
was included in this run (K=0) as no vibration occurred. This amouuts to
assuming little or no air outgassing during ascent without vibration,

_for the third run (80°F with vibration) an outgassing cocfficient of
500 hr = was employed. Experimental data presented in Ref. 5 was uscd
to obtain this constant. Extrapolation to 10 cps was required, however.
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These data allow a great variation in selection of an outgassing/solution co-
efficient and this valuc could casily be double that used. The data do show,
however, a scveral order ot magnitude increase in this coefficient from

zero to 6 cps frequency, therchy providing support for the zero outgassing
used in the case of no vibration.

The comparison hetwoeen experimental and calculated mixture ratio
histories for the 80°I'/no vibration case is also shown in Figure 28,
Here the agreement is not quite as good as the others, This is due, no doubt,
to the large possibiliuas of variations in the outgassing coefficient. Alsc
the Bunsen coefficient, that determines the initial anount of air dissolved
in the fuel was sclected from the literature as 0.16. Large nxcursions in
this fuctor are also pussible.

These results although rather limited in scope do demonstrate the
capabilitics of the computer model to predict F/A composition histories.
The existence of cvaporative lag was demonstrated analytically and compared
with the experiment. The influence of air outgassing was also demonstrated
and correcily predicted trends of the influence of inflight vibration. Several
constants used as input to the pragram werc “fixed" for this particular tank
configuration and vibration levels.

3. AUTOIGNITION CHARACTERISTICS,

Several suparsonic aircraft flight profiles were examined for a tendency
of Jet A and JP-7 fuel to auto-ignite, that is by cool flame or by normal ignition
and/or transition from cool fiame to normal ignition. In Figwe 29 is shown the
basic temperatures associated with the flight of the supersonic transport at
Mach 2.7. This intorn ation was gathered from vaiious sources in the literature
including the FAA, Boeing Aircraft Company, and Wright-Patterson Air Force Base.,
The quantities requirnd to characterize a particular flight profile are the transient
liquid and skin tempciatures as well as the history of the vent inlet air, Alti~
tude time profile is also required. These are silown schematicaily in the figure.
Examination shows that there appears to be two distinct regimes even at Mach
2.7 which reguired testing. These are the wing tank or {uselage tank. Tor a
wing tank the skin temperature at the fuel/air mixture is generally higher than
that of a fuselage tank. Also the liquid temperature is generally higher. With
these particular fuels a ¢.rsory examination concluded that the mixture ratio
within the fuel tank woula be well on the fuel-rich side. It was felt that the
fuselage tank profiles, although lower in temperature, would be closer to that
of a stoichiometric mixture and therefore required further study. Values for
the various temperatures and altitude histories shown in Figure 29 were extra-
polated from flight conditions of Mach 3.0 and Mach 2.4; that is, they were
extrapolated to higher and lower Mach numbers to obtain a widsr variation for
the test series., The profiles calculated for both outboard (wing) and inboard
(fuselage) tanks are also shown in the following two figures(30,31).Iritial testing
using full flight profiles indicated no tendency toward ignition as monitored <
by the photomultiplier light detector. Testing of the entire flight profiles{32) was
continucd into the 2.7 and 2.4 range and a wide range of variables examined, T
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Figure 28 JP4 Ascent Tests to 40,060 ft - 1/2 Full Tank
Comparison Between Experimental and Calculated Results,
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A scrics was also run whereln only the descent portion of the flight pro-
fii: was eramined. As a basic autoignition hazard appears higher during this
portion of the flight, « reries of controtled tests employing Jet A and JP-7
fuel werce run using only descent variables thot were varied between tests.

The patameters investigated include descent rate, liquid temperature, initial
skin temperature, and skin temperature cooling rate. Tests were run employing

both Jet A and P-4 tucls, Al tests weaie initiated from »3,000 ft altitude.

Approxtmately onc-half hour was allowad for thermal stabilization prior to
initiating the descent, Figurc 33 shows the results of the descent tests.
Shown in the figure are those runs where ignitions were and were not indicated.
It would seem that in all runs where the wall temperature was cooled and was
not held artificially at the cruise valuc but wus decreased linearly to atmos-
pheric temperature over the time of descent, no ignition was noted. Only in

those tests where the wall temperature was held constant during the descent
was an ignition noted.

A portion of this study was directed toward determinging whether a
major difference existed between ignition data obtained in the relatively large
tank used to simulate a tull scalc system compared to experiments conducted in
laboratqry scale apparatus. A great deal of experimental work has been con-
ducted in containers of relatively small volume compared with an aircraft fuel
tank. It is of interest to determine whether such data are applicable to real
systems., In order to obtain a crude answer to this question some of the

iynition data obtained in this investigation were compared with the data of
References 3 and 7.

Some comparison of the two systems is in order, The small, laboratory
reactor has a volume of 1.5 ft° while the large tank = =ulator has a volume of
15.7 ft*, The small tank was filled with vapor-air mixture essentially at
the same tempcerature as the tank wall. The large tank is partially filled with
liquid fuel at a temperature considerably colder (250 to 440°F) than the tank
wall. Both temperaturc and concentration gradients may exist in the large
tank while the atmosphere in the small tank is quite uniform.

The following cffects might be expected duce to these differences,

1) The large tank has a larger volume to surface ratio than the small
tank so that heat transfer to the walls and free radical quenzhing

should be reduced. These effects could lead to lower ignition
temperatures in the large tank.,

2) The presence of liquid fuel in the large tank, however, introduces
a relatively cold surtace as one part of the vapor space. The

, fesence of the cold surface tends to cause an increase in the
I'CQUil’Cd hot wall temnerature for ignition (

________ Feolatad ighiacauin . 3;.

3) The presence of gradients in fuel concentration and temperature
could cause changes in ignition temperature which are difficult
to gencralize since the nature of the gradients would determine
the direction and magnitude of the effects. - ’
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The data for Jet A fuel in Ref. 3 provides a basis for comparison.
Figure 11 from that report is reproduced as Figurc34 and is compared with the
data of Fig. 33 . One would not expect ignition for skin temperature at 450°F
or below. Although a small portion of the ignition curve drops below 450 F at
sea level, the fuel concentration would have fallen o 2.8 or below during the
descent and the cool air drawn in during descent from 65,000 feet would affect
ignition even if the tank skin were kept at 450°F. )

At 500°F a fairly wide range of fuel concentrations are ignitable at
altitudes below 65,00C fect. This temperature, or possibly the range between
450-500 represents a departure from little ignition potential to a large ignition
potential. The data in the large tank showed ignition at 500°F for the 200°F
liquid temperature. One might have expected ignrition at 165°F (fuel concentra-
tion range 18.7 to 1.0 volume percent from 65,000 ft to sea lovel) but iqnition
for 100°F liquid fuel would not be expected since the concentration range,

3.6 to 1.0, is almost completely nutside the flammable range. This is more
easily verified in Reference 7 where 1% fuel scems to be a lean limit.

Ignition at 540°F for all cases is also very consistent with the data of
Reference 3 . It thus appears that within about 25°F the small and large tank
are in agreement. It also appears that ignition . o little mora difficult in the
large tank as compared with the small tank probably due to the large area of
relatively cool liquid fuel.
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this work, sevaral important cbservations
have bzen made.,

1. For tank configurations where the razio ot ullage volume to liquid surface
area is small (ullage/area « .75 ft) unitorm fucl/air mixture was tound
to exist within the uliage volume during ascent and cruise portion of
the flight profile. However, large fuel/air concentration gradients
were observed during the descent portion of the fright profile with
mainly air near the vent inlet. For tank configuration where the
ratio of ullage volume to liquid swfacc darea is greater than 1.5,
fuel/air gradients weie observed even during level flight,

2, Experimental results and computer calculations nave shown that
. ,Aevaporatlvc lag and air oufgds:,.ng can cause fucl/air mixture ratios

- in the ullage te be different from equili!:ium values, especially

during ascent. Ullage vapor mixture initially fuel-rich may become

combustibic during ascent due to high air offgessing in high vibration
e environments. Tanks initially fuel lean can become combustible
~ during ascent at high liquid temperaturcs that causes high fuel evapora-
tion. Nonequilibrium mixtures were found to exist in most aircraft for
ascent rates as low as 2000 fpm,

-3, During level flight with fuel withdrawal following a rapid ascent, air
‘ outgassing may dominate over evaporation and result in @ decrease in
F/A ratio with time, In the absence of vibration air offgassing is
signiticantly lower. F/A ratio increascs as evaporation dominates
over venting to replace withdrawn fuel.

During descent even in shallow tanks such as used in this study,
large concentration gradients exist in the region ¢f the vent. It
appears that there exists a region of vent air control and a well-
stirrad highly turbulent region eaway from the vent. This remains o
be completsly established over wide tank/vent geometry and descent
conditions.

5.  Noignitions were noted durir g flight simulations at realistic SST
flight conditions. Only at nonrealistic {light conditiong such as
constant wall temperature during descent could "cool flames” be
generated. These ignitions were controlled by wall temperature
conditions and were strongly sensitive to values of wall temperature.

0. Two separate and complementary computer models have been developed
to predict funl/air ratios withun the ullage volume. Based on the
excellent agreement between calrulated results and experimental
measuremenis, the models can be fruitfully used in the future to
predict fuel tank fire and explosion hazards. -
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RECOMMENDATIONS

1.

The analytical models have been proven to be valid based on the
comparison of calculated results using these models and the
experimental data. These models should be further refined by
improving the occurrency of the parametric variables used in the .
model and to include the effect of misting and condensation.

Further experimental data should be generated to improve the model
for the effects of skin temperature and tanks of other geometries.

Offgassing of dissolved air in the liquid fuel was found to piay a
very significant role. Well controlled experimental studics should
be carried out to determine the rate of air oifgassing as a function
of vibration level, initial liquid temperature, rate of pressure
decrease, and type of fuel.

Because of the high volatility of liquid JP-4 fue!, significant tempera-
ture gradients might exist within the liquid fuel close to the surface.
This can significantly change the evaporation rate. Expcrimental
studies should be conducted to verify such phenomena.

Misting should be studied on an experimental basis to determine
flame propagation limits for mists of various sizes and concentra-
tions. TFuel ratios and vibration levels must then be related to the
formation of a particular misting condition.

Velocity fields within tanks during descent should be studied
experimentally and analytically to determire the portion of the tank
considered as well stirred. Solutions of the mixing problem can
then be superimposed on the well-stirred solution, thereby
eliminating the necessity of knowing the velocity at all points
within the tank as i§ presently required in the distributed model.
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" while in the second it is decreased.

APPENDIX A
EXTENSION OI' LEAN FLAMMABILITY LIMIT BY MISTS

Nester (Ref. 1) has indicated an extension of the normal {fiammabality
limits of aircraft fuels in the fuel lean direction as a result of dynamic simulated
flight conditions, This extension has generally been attributed to the existence
of a vibration generated two phase mixture (mist) existing within the tank.,

This liquid phase component may be pictured (for high vibration environments)
as superimpcsed on the normal mixture ratio that would cxist at that particular
flight condition. The liquid droplets are generated as a result of liquid surface
waves caused by aircraft motion (slosh and vibration).

During the ascent portion of a flight of a tlight profile, the ullage
gas (fuel/air mixturc) cools due to expansion. This cxpansion is not adiabatic
as heat is entering from the tank walls and liquid surface. Also air and fucl
vapors are entering the ullage due to outgassing and cvaporation. This cooling
though, if occurring at a sufficiently high rate (high ascent rate) can ovcur
more rapidly than heat may be added from the walls and the "dew point™ or
condensAation temperaturc of the mixture may be recuched. In the absence of
vibration the ulloge mixture may remain in 4 supersaturated condition. In the
presence of vibration, the minute fuel particles gencrated hy surface waves
provide nucleation sites for condensation to occur. In this condition the I'/A
ratioin the gas phasc (between liquid particlesi suddenly decrecases althnugh the
total F/A ratio, including liquid drops, remains the same. The liquid drops
existing in the gas phase are then composed of those expelled from the liquid
due to vibration and those condensed from the gas phasce. In high vibration
environments, the first dominate while the latter dominate in low vibration/high
ascent environments. Likewise in the first case the gas phase I'/A is unchanged

To define the e¢xtension of the lecan flanmability limit under controlled
conditions, a test scries, under the dircction of Capt. OtL, ot WPAI'B was
conducted (Ref, 2). In these tests a tank of fucl conditioned to a presciibed
temperature was sloshed for a period sufficient for the estahlishment of
an equilibrium within the ullage. An ignition source w.: introduced ond the
pressure rise recorded. For these conditions the aussumpiion may be made that
the gas phase is at equilibrium mixture conditions, i.c., fuel partia! pressure
equals vapor pressure and an additional liquid component due to mechanical
vibration added.

| i de

Calculations were made to define the amount of liguid existing as
droplets within the gas phase. The Dynamic Science Chemical Equilibrium
Computer Program was used. This program calculates the final pressure caused
by the combustion of a mixture of known composition and density, f.e.,
prescribed enthalpy (H) and density (£). The total chemical enthalpy of the
mixture is calculated from a mass weighted average (at the F/A ratio) of the
enthalpy of the fuel and air. The deonsity is calculatod at the known initial
conditions. The logic of the calculation was to determing the pressurs
resulting from combustioin of only the gas phasce mixture and compare these
results to the measured, The density was then increasced by an arbitrary
amount unti) the measured pressure equalled the calculated. The increasce
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in density required to match the measured pressure rise is then the amount of
liquid existing within the ullage.

Figures A~1 and A-2 present the test results of pressure rise in JP8
mixtures at 1 atm pressure and 10 psia pressure for various liquid temperatures.
Table A-1 presents in tabular form the calculation of gas phase density for
several temperature conditions at each of the two total pressures. Fuel vapor
pressures were determined from data presented in the report (Ref. 2). Results
of the equilibrium combustion program calculated using the gas phase densities are
also shown on the figures. The agreement with measured pressure rise is quite
good with no additional density component due to liquid.

These results indicate that mist acts only as a flame propagation medium
and the amount of mass contained in the ullage in liquid form (mist) is negligible.
The calculations are subject to errors due to heat loss to the walls during combus-
tion and some variability in fuel properties (vapor pressure), however, the general
conclusions are felt to be valid. Mists may then be treated in the vulnerability
model as an extension of the lean flammability limit. The degree that various
mist concentrations extend this lean limit remain to be defined.
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TABLE A-I
JP8 MIST IGNITION CALCUILATIONS

Liquid Temp. | Vapor Pres.| Total Presi. Air Pres.|Av.Mole.Wt! Air Fuel Density
T, °R P, psi P, psi |P_,psi M Ratio,A/F p
535 .028 15.0 | 14.972 29.08 102.5 4.4x107°
560 .061 15.0 |14.939 29.49 47.3 4.26x107°
585 | .123 15.0 [14.877 | 29.99 23.38 4.15%x107°
610 .234 15.0 |14.766 30.88 12.19 4.0%x107°
10 psi Total Pressure
535 .028 10.0 9.972 29.33 68. 85 2.95x%107°
560 ,061 10.0 9.939 29.74 31.5 | 2.866x107°
585 .123 10.0 9.877 | 30.48 15.52 . | 2.812x107°
610 .234 10.0 9.766 | 31.8 8.068 | 2.816x107°

Molecular Weight of Air M ' 29

Molecular Weight of Fuel MF= 150

75



