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Under the contract, a fuel tank test fixture was fabricated and 
instnunented. and the fuel/air vapor mixture in the ullage of the 
tank was measured under various atmospheric, dynamic, and 
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A fuel/air vapor gradient was found in the ullage.   The range of 
the gradient was such that a flammable region was found under 
conditions considered to be safe from an equilibrium standpoint. 
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SUMMARY 

The objective of this study was to determine fuel tank vapor space charac- 
teristics for a simulated helicopter fuel tank and to evaluate the potential 
hazard which exists.    Fuel/air ratios were measured as a function of time 
and position within the ullage of the fuel tank for specified flight profiles. 
These results were compared to published flammability limits as a basis 
for assessing flight hazard potential.   The flight profiles were simulated 
by withdrawing fuel (at rated engine usage) from a vibrating tank held at 
constant pressure and temperature.   Parametric variations were made in 
fuel temperature (40° to 100oF)( flight altitude (0 to 15.000 feet), vibration 
environment, and fuel properties (liquid JP-4 versus JP-4 emulsion EF4-104H), 
Another important variable not considered Initially but which was uncovered 
during the course of this Investigation was the effect that the rubberiz^, 
tank liner (FF-10056) could have on the measured fuel/air ratios.   The 
extent of this effect was found to be related to fuel temperature and exposure 
time of the liner to the fuel. 

The experimental results showed those ranges of the test variables which had 
a significant effect on the measured fuel/air ratios.   They also demonstrated 
that fuel/air mixture gradients do exist In fuel tanks under flight conditions. 
It was found that tanks which would be considered safe as determined by 
calculations for equilibrium conditions actually contain flammable regions, 
even for level flight.   An analytical model for the ullage space was written 
which Included transient fuel vapor diffusion and convection which was 
brought about by venting of the ullage.   The sample cases gave results 
which showed reasonable agreement In both shape and magnitude with the 
measured composition profiles. 
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INTRODUCTION 

Helicopters become increasingly vulnerable to ballistic hits in fuel tank 
areas when the vapor space above the fuel contains flammable fuel/air 
mixtures.   Although the equilibrium fuel/air ratio (calculated from vapor 
pressure at fuel temperature and total pressure) is often too fuel-rich to 
support an ignition, there exist transient fuel/air gradients of air near 
the tank vent and a rich fuel/air mixture below.   This region of air is 
brought about by air entering the vent due to engine usage, center-of- 
gravity adjustment, or changes in altitude.   Somewhere in this region of 
mixture gradients, an ignitable/explosive layer exists, and as this layer 
gets larger (involves a larger quantity of the ullage gas), the helicopter 
is rated as more vulnerable to ground fire or accident.   Penetration of the 
tank by an incendiary projectile under these conditions can result in a 
catastrophic loss of the aircraft. 

Many methods have been proposed to reduce this vulnerability, including: 
armor-plating to protect tanks; use of pressurized tanks, which would 
maintain a very full rich (and therefore incombustible) mixture; inerting 
with nitrogen or inert gas (presaturation of fuel followed by tank treating 
in flight); and use of a collapsible tank liner to eliminate the vapor space. 
AU of these methods add weight to the helicopter structure and therefore 
decrease payload and/or range and are not considered satisfactory.   This 
study was undertaken to obtain a more fundamental understanding of fuel 
tank mixing dynamics in the hope that new methods for eliminating the 
hazard imposed by flammable/explosive mixtures may be realized.   This 
program was undertaken as a first step to identify the controlling phenomena 
causing fuel/air mixture gradients. 

To date, very little is known about the mixture gradients existing within 
fuel tanks.   Gradients were known to exist, but very little data showing 
quantitative influences of aircraft operational and structural characteristics 
were available.   Data have been reported by Nestor (Reference 1) showing 
explosive limits of fuel vapors as a function of liquid temperature and air- 
craft altitude.   These data were for conditions of essentially equilibrium 
mixtures throughout the vapor space.   Gradients of mixture ratio were not 
considered.   There are other investigations (e.g.. Reference 2) where know- 
ledge of the fuel/air ratio within the ullage would have been useful, but for 
a variety of reasons it was not measured.   The primary objectives of this 
study were to demonstrate that fuel/air mixture gradients did exist and to 
determine the relative effect that flight/aircraft parameters had on the 
magnitude of fuel/air gradients. 

To accomplish these objectives, a three-phase program was initiated. 
Phase I consisted of the design, fabrication, assembly, and checkout of the 
test apparatus.   This equipment consisted of a vibration table and experi- 
mental fuel tank within which fuel/air gradients were measured.   The basic 
system included fuel and fuel transfer tanks, a vibration table, a fuel 
tempe» iture conditioning system, and instrumentation and lines for sampling 
and analyzing samples from the vapor space. 



In Phase II (Test Program), composition profiles within the ullage were 
determined for several parameters   as a function of time and position. 
Those considered were liquid fuel temperature, flight altitude, level of 
agitation, and fuel type {JP-4 and emulsion EF4-104H).   An additional 
influencing parameter discovered during the course of testing was the 
exposure time/temperature characteristics for saturated rubber-lined tanks. 
All tests were conducted using a level flight profile; that is, constant- 
altitude tests were run from sea level to 15,000 feet.   Ascents and descents 
were not considered in this program, but they are important considerations 
for future tests.   The effect of fuel withdrawn for engine usage was included 
in all tests. 

Phase III (Analysis of Test Data) was conducted to aetermine the effect of 
test parameters on the composition profile within the ullage.   A mathematical 
diffusion/convection model was developed, and sample cases were calcula- 
ted for comparison with test data.   The calculated profiles agreed quite 
favorably and exhibited similar trends as the experimental data. 

As a result of this study, the relative effects of the test parameters 
were determined under constant altitude and constant withdrawal rates. 
Furthermore, it was demonstrated that fuel tanks that are considered to 
be safe from an equilibrium point of view do in fact contain flammable 
regions caused by a fuel vapor gradient phenomenon. 



TECHNICAL DISCUSSION 

The purpose of this discussion is to provide a technical background summary 
upon which the interpretation of the experimental data can be made.   The 
general test procedure of a simulated flight profile begins with the fuel 
tank full of fuel to within 6 or 7 inches from the top.   The tank pressure is 
then brought to correspond to a selected simulated altitude and held there 
throughout the test.   As the test proceeds, the fuel is withdrawn at a nominal 
rate of 1 gpm which causes the fuel level to change at a rate of 1/4 inch per 
minute(in large tank only).   This withdrawal rate is representative of actual 
helicopter flight requirements.   As the fuel is withdrawn, the space which 
the liguld previously occupied is filled with a hiel vapor and air mixture. 
The air is drawn in   primarily   through the vent of the fuel tank.   When 
the helicopter is at altitude, however, conditions exist so that the amount 
of air dissolved in the fuel may exceed the equilibrium value.   When this 
occurs, the dissolved air begins to evolve from the liquid as bubbles and 
it passes into the vapor space.   The fuel vapor,.for the most part, comes 
from evaporation from the,liquid fuel surface, but it may also come from 
evaporation of liquid absorbed in the walls of the rubberized tank lining 
material. 

As the vent air and fuel vapors enter the vapor space (ullage), a mixing/ 
diffusion process is initiated which starts to eliminate the concentration 
gradients that have developed (see Figure 1(a)).   This mixing may involve 
several modes of transport:  molecular diffusion, turbulent diffusion, free 
convection, interphase mass transfer, or a combination of ainy of these. 
Depending upon the modes of transport involved, in any particular case, 
the mixing process may take place rapidly (minutes) or slowly (hours). 
As a result, large fuel/air concentration gradients can develop in the 
ullage space for some conditions and uniform mixtures may exist at others. 
This discussion Is presented to help determine when these various phenomena 
become important and to determine how they affect the fuel-air gradients 
within the ullage space of the fuel tank. 

LEVEL FUGHT PROFILE 

The process of replacing the consumed fuel with a fuel/air mixture is 
shown schematically in Figure 1(b).   The top of the tank remains stationary 
and the liquid fuel surface recedes from it at a velocity Vg.   We assume 
that the entire top of the tank Is a vent; therefore, as the liquid recedes, 
fuel-free air enters the top of the tank in a uniform stream at a velocity 
v .     The air will enter the top of the fuel tank at the same velocity as the 
fuel Is receding (vt=v ) if there is no supply of fuel vapors or air fed into 
the vapor space from the liquid or the walls of the fuel tank.   We have assumed 
that the air enters in a uniform stream.   That is, we have neglected the fact 
that the air actually enters at a single point, the vent opening, and then 
spreads out by diffusion and convection into approximately horizontal layers. 
Experimental results showed (see later section) that this is what appeared to 
be happening. 
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Fuel vapors cannot escape from the tank unless their transport velocity is 
higher than the vent air velocity.  We can, therefore, make one additional 
approximation, which will help In understanding the experimental results: 
the tank top is a nearly semipermeable membrane; that is, air can flow 
through in one way, but the fuel vapors cannot diffuse through it in the 
opposite direction. 

We also introduce a third velocity   (v,) which characteäzes the bulk flow 
of fuel vapors and possibly air that emerges from the fuel. (The origin of 
the term Nf     is discussed in greater detail in Appendix IV.) 

N,    +N 
v   =     Lo     a.o 
f c 

Here N,     is the molar flux (moles/area-tlme) of fuel vapors and N       is 1,0 a#o 
the molar flux of air emerging from the surface of the fuel.  They are measured 
relative to the fuel surface.   One or both of these fluxes may be important 
in a given test.   Whenever there is diffusion of fuel vapors away from the 
liquid surface into the ullage, N, o>0.   This quantity becomes increasingly 
significant as the composition at me surface of the liquid gets richer (high 
fuel temperature, low ambient pressure).   N       would generally not be 
Important for conditions at or near sea level, 'if the ambient pressure 
changes significantly, however, air previously dissolved In the fuel will 
come out of solution as the ambient pressure is decreased,   (c) is the total 
molar density (moles/volume) of the vapor phase.   We may write an equation 
relating these three velocities: 

vt = vs-v{ (1) 

If v, is zero (or small), v. * v   as mentioned previously.  Any increase in 
the value of v, retards the rate at which air will enter the top of the fuel tank; 
as v, gets larger, v  eventually becomes negative.   That Is, there could be 
bulk flow of material out of the top of the tank in spite of the fact that fuel 
is being consumed by the aircraft engine.   This result accounts for evapora- 
tive loss from aircraft at high altitude. 

The effect of the relative values of these velocities (v , v  , and v,) on the 
composition profile within the ullage Is illustrated in Figure 2.   The time, 
t , indicates the Initial conditions of the test where the vapor space is 
essentially at equilibrium (I.e., flat composition profile).   Times tx , t2, 
and ta are progressions of time during the test which show the development 
of composition profile with time. 
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In part (a) of Figure 2, v,/v   < < 1, so that v  «s v ,     Here a completely 
diffusive transport mechanism for transport offuelvapors from the liquid 
surface to the top of the ullage may be anticipated.   As time progresses 
from t   to t_, the surface of the liquid fuel recedes from the top of the 
fuel tank.   The concentration at the surface of the fuel is constant and is 
determined by the vapor pressure of the fuel and the tank pressure.   The 
fuel vapors are supplied to the top of the tank by diffusion from the surface 
of the fuel but then do not diffuse out of the tank.  As the additional air 
enters the top of the tank, the concentration of fuel vapors at the top of 
the tank continues to decrease. 

Figure 2(b) illustrates the case for v,/v   <   .   As v, increases, transport 
of fuel vapors to the top of the ullage becomes convective controlled 
rather than diffusive.   The composition profile tends to flatten out as the 
flow of air and fuel vapor passing into the ullage at the liquid surface 
becomes important. 

If v, becomes greater than v , a convective motion of the mixture is set up 
so that material is now fluslred out of the ullage through the vent (Figure 
2(c))and no fresh air is permitted to enter the ullage.   Considered in this 
manner, the ratio v,/v  becomes a qualitative measure of the effect of a 
convective motion generated by interphase mass transfer (evaporation of 
fuel a»d dissolution of air) on composition profiles within the vapor space. 
This classification of the controlling phenomena (diffusion/convection) will 
help in presenting an analysis descriptive of fuel tank behavior. 

Model for Diffusion Transport 

Assuming that the fuel/air mixture is of two components, one fuel species 
and one air species, the equation of continuity for fuel species may be 
written as (Reference 3) 

convection diffusion 

N{ = X{ (Nf + Na)   -   c Dfa VXf (2) 

where Nf = molar flux/unit time relative to liquid surface 

X, - mole fraction components 

c   = total molar concentration/volume 

D, = binary diffusion coefficient for fuel vapors in air 

The quantity (N. + NR) represents a bulk convective flow and Is measured 
relative to the liquid surface. For an open system some bulk flow will 
exist in the vapor phase as long as a concentration gradient exists.   How- 
ever, for the case under consideration (diffusion controlled). It Is sufficiently 
small to be negligible.   Equation (2) becomes 

Nf = c Dfa vXj j  Diffusion control (3) 



and using the continuity relation 

öt     c   at I 

differentiating and substituting inequation (3), 

This is Pick's second law of diffusion, which can be solved for a variety of 
initial and boundary value problems.  At this point we are interested in 
the situation illustrated in Figure ?.{a) (v,/v   < <1).   For this case, the 
initial and boundary conditions are (see Figure 3 for coordinate system): 

t = 0   X,(zl0) =X,    =X, f f,o     f,e 
SXf 

t > 0 —i (L,t) = f(t) (5) dz 

Xf(o,t) =Xf o=Xf Q i i,o      f,e 

where L = L(t) ^ A + v t 

The subscript o refers to the condition at the liquid surface, L refers to the 
top of the tank, and e signifies an equilibrium concentration.  The feature 
that makes these conditions rather unique is that one of the boundaries (L) is 
moving at a steady rate to simulate the receding liquid surface. It should 
also be noted that the boundary condition at L(t) is an unspecified function 
of tirnef(t). The gradient at this position (the semlpermeable membrane) is 
not zero, as a steady supply of fuel vapors is required to mix with the 
incoming air and is subsequently swept back into the tank.   This gradient 
is estimated by use of the experimental data.   Using these results, a 
generating function for this boundary condition as a function of time is 
established. 

Analytical solutions for equation (4) for these conditions are not available; 
however, equation (4) and the tank top boundary condition were programmed 
using an adaption of a Thermal Analyzer Computer program converted for 
diffusion with the addition of the vent air convection terms.   Solutions 
were calculated using a CDC 6400 computer.   The calculated composition 
profiles are shown in Figures 5 through 7 for fuel temperatures of 46° , 
60° , and 107oF corresponding to experimental tests.    These results are 
compared to the experimental measurements in a later section. 

For the intermediate case of vf/v   < 1 (Figure 2(b)), the model is slightly 
less accurate.    The terms Nf     and N      (bulk fuel convection) must be 
evaluated.   This was not considered to'be within the scope of the present 
program, however, and calculations for this case have not be completed. 
In the last case (Figure 2(c)), a diffusion mechanism is not involved; 
transport is entirely by convection. 

8 
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At this point it is pertinent to discuss how the the experimental test varia- 
bles may affect v, which, in turn, affects the experimental results. 

Agitation 

The calculated composition profile shown in Figures 5 through 7 assumed 
that transport of fuel vapors from the liquid surface was entirely by molecular 
diffusion from a flat, smooth, liquid surface.   In practically all of the 
tests conducted, the fuel tank was subjected to a forced vibration to 
simulate actual aircraft environment (see section on experimental equipment). 
This caused the surface to ripple and to break into waves (3 to 4 inches in 
height, peak-to-peak), which sloshed back and forth within the fuel tank. 
The wave motion will induce certain mixing and convection phenomena in 
the ullage which would not exist in an undisturbed fuel tank.   Thus, rather 
than a molecular diffusion occurring, a turbulent mixing mechanism dominates 
near the surface of 'Jie liquid.   However, this turbulence need not extend 
throughout the ullage space; in fact, it may decay rather quickly so that in 
the upper parts of the ullage molecular diffusion is the important transport 
mechanism.   In this sense, a more realistic diffusion coefficient to be 
used in future calculations may be one that is a function of position: very 
high Us 100 ft3/hr) near the surface of the liquid and low (0.3 fta/hr) near 
the top of the fuel tank. 

The effect of increasing the value of the diffusion coefficient (D_f) is to 
cause the gradient profile to develop much more rapidly (see FigOTe 4); 
that is, a turbulent mechanism tends to eliminate gradients within the 
turbulent medium.  A series of curves was calculated again using the 
computer model, increasing the diffusion coefficient by a factor of 3.   No 
differences of the composition profiles were observed.   Therefore, large 
changes in the diffusion coefficient are required if appreciable changes in 
the composition profiles are to be seen (factor of 20 to 100 Increase in dif- 
fusion coefficient). Changes of this order could be realized, possibly under 
flight conditions of extreme turbulence. 

Three-Dimensional Effects 

The calculations discussed above assume a one-dimensional model.   The 
experimental measurements presented later are also one-dimensional in 
that all fuel/air samples were taken on a vertical line close to the center 
of the ullage.   The sides and corners of the ullage were not sampled.   The 
analytical calculations assumed that the velocity profile of the air coming 
into the vent was that of a one-dimensional stagnation flow field, i.e., 
the velocity decreasing linearly to zero at the liquid surface.   The data 
seem to indicate that this is what happened with unlined tanks. 

Under certain conditions of fuel temperature and pretest exposure time of 
the liquid fuel to a lined tank,the data Indicate that the liquid surface 
was not the only source of fuel vapor.   Three-dimensional effects due to 
evolution of fuel vapors from a rubber-lined tank usually tended to increase 
the effect of v, and reduce the gradients within the ullage space. " 
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Fuel Type 

Two types of fuel were considered in this program:   JP-4 and emulsion 
{EF-104H).   Ordinarily, the major difference for different fuels would be 
their vapor pressure.   In this case,' flow properties must also be con- 
sidered.   Agitation of the fuel tank would be expected to have only 
relatively minor effects on the condition of the surface of the emulsion 
fuel.   Very minor, if any, rippling and wave motion would be expected. 

DESCENT FUGHT PROFILE 

The previous discussion was concerned with evaluating the phenomena that 
exert an important effect on fuel/air gradients while the aircraft is in 
level flight.   In this section, the additional effect of descent of the air- 
craft is considered in a less detailed treatment. 

Consider the case of the aircraft flying at an altitude of 15,000 feet 
(.5 atmosphere) and descending at 1500 ft/min from 15,000 feet.   The 
velocity of the air entering the ullage of the fuel tank is controlled not 
only by the rate of fuel consumption of the aircraft, but primarily by the 
rate of pressurization of the ullage space.   The pressure within the fuel 
tank approximately doubles as the aircraft descends to sea level, and 
therefore the original mixture is compressed to one-half of its volume. 
If we take the ullage to have a mean depth of 2 feet during the descent, 
air would enter the ullage and occupy one-half of this thickness (12 inches) 
by the time the aircraft had descended to sen level.   These conditions 
result in an equivalent velocity of air entering the tank (vt) of 1.2 
inches/minute, which is a factor of five times the velocity (vt = .25 inch/ 
min) induced by fuel consumption.   The effect that this rapid influx of 
air may have on the composition profile is shown in Figure 8. 

As the mixture originally present in the ullage is compressed, the partial 
pressure of the fuel vapors near the liquid surface start&Jxx exceed the 
vapor pressure of the fuel for that temperature,    and condensation 
starts to occur.   A sharp break in the concentration profile will exist 
at the interface between the incoming air and the original mixture, because 
very little diffusion will have taken place in the ten minutes required for 
the aircraft to descend. 

An equation similar to equation (I) may now be written for the descent 
case. 

Using the mass balance below: 

d{p V ,.) dV ,, . 
Uli      .  . Uli   . „ dn - A.    j. ju 

—dt P "dt- +Vull   dt-mt+fnt 

Äit = pavtA,   rhf = DfvfA,   Vull=AL 
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where m, = ir.ass flow rate of fuel into ullage 

m = mass flow rate of air into ullage 

V .. = volume of ullage ull 
0 = density of vapor mixture 

c* = density of air entering tank 

cf -      density of fuel entering ullage 1 

A =      cross-sectional area of tank 

L =      vertical dimension of ullage 

v =      velocity of air into top of tank 

M =      molecular weight of air a 
M, =      molecular weight of fuel 

Assuming the instantaneous air/fuel ratio (A/F) is known and is temperature 
constant within the tank, the gas law yields 

p M    P 
(A/F)= ^ =   rf-Z 

The mixture density is then   0 = pa 
+ Pf = PA

1
 

+(A/F)). 

Substitution into the mass balance yields 

rtlt = PAdti+ALdf",hf 

or 

^[WK^t*0^^-^ 
where v    is defined as the surface recession rate dL/dt. / 

This equation is similar to equation (1) but includes an additional term which 
accounts for a velocity into the ullage due to the descent.   The usefulness 
of this relation is that it tells us the conditions under which no tank air is 
permitted into the fuel tank through the vent.   That is, if a sufficiently high 
value of v, can be generated by some device within the tank, v  becomes 
negative and air is not permitted into the ullage through the vent. 

» 
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EXPERIMENTAL   PROGRAM 

The basic theme of this work was to assess helicopter fuel tank vulnera- 
bility characteristics at nonequilibrium conditions associated with the 
aircraft environment.   (The assessment of vulnerability was related to the 
ratio of tank ullage volume within flammable ranges to the total ullage 
volume.)   Flight parameters evaluated during the program were vibration 
frequency, altitude (tank pressure), and fuel temperature.  Aircraft/fuel 
parameters varied were fuel type (liquid JP-4 versus emulsified JP-4), 
tank liner materials, and tank geometry.   The equipment,when assembled, 
included a vibration table, simulated helicopter.fuel tanks, and measuring 
instrumentation.   This section describes in detail the experimental equip- 
ment, test procedures, instrumentation, and test results. 

EXPERIMENTAL EQUIPMENT 

Figure 9 shows the basic test setup.   It consists of four 
separate systems:   the vibration table, fuel tank and transfer system, fuel 
temperature conditioning system, and fuel sampling system. 

Vibration System 

The vibration system (Figure 10) consists of an outer support frame and 
an inner vibration table that are connected by two spring bars.   Input 
force is generated by a LAB mechanical vibration generator (Model LIGHT B) 
powered by a 1-hp DC motor with a flexible shaft drive.   The vibrator is 
of the reaction type with counterrotating adjustable steel eccentric weights. 
The generator has two shafts which are geared together so that the centri- 
fugal force vectors of the individual shafts are resolved into a rectilinear 
force that produces straight-line vibrations in a line normal to the plane 
in which the shaft axes lie.   In Figures 9 and 10, the generator is shown 
mounted beneath the vibration table.   Output force of the generator applied 
to the vibration table and all other spring masses then varies as the square 
of the frequency. 

Test frequencies required in the test program ran from 310 cpm to 3500 cpm. 
These are typical of flight vibration levels encountered in helicopter flights. 
The force output from the vibration generator at low frequencies is insufficient 
to drive the total sprung weight (sum of weights of vibration table, full fuel 
tank, transfer tanks, and vibration generator) at the required g level (.15g). 
It is necessary to "tune" the spring bar system so that its natural frequency 
matches the input frequency of the generator.  At resonance, amplification 
factors as high as IS are obtained; these permit operation at the required g 
level.   For higher frequencies, the force output of the generator is sufficient 
to drive the table at the necessary acceleration level.   This concept of a 
"tuned" system results in a substantial cost saving when compared with the 
costs of purchasing the required low-frequency force in a self-contained 
unit. 
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Fuel Tank and Transfer System 

Three simulated helicopter fuel tank configurations were constructed 
(Figure il) of I4-gauge steel tank sheet.   Tank #1, which is stiffened 
externally for altitude, is 30 by 30 by 36 inches.   It is shown mounted 
for test in Figure 9.   The tank has longitudinal observation windows for 
viewing fluid motion.   The top hatch is machined to accommodate the | 
sliding vacuum joint for the movable sample probe.   An air vent, to 
which were attached the vacuum regulator and a vacuum pump, was used ; 
to control tank pressure.    Tank #2 is 18 by 36 by 12 inches.   Tank #3 
is cylindrical, 18 Inches in diameter and 36 inches in length. 

All tanks were lined (approximately halfway through the test program) with 
fuel cell rubber stock.   This material (see Appendix II for details) is a 
synthetic rubber/nylon barrier material used primarily in patch-up work 
for fuel tank repair.   It was received in a 3-foot-wide roll and was cut 
to fit fuel tank configurations.   The liner was bonded to the metal tank 
wall with an adhesive.   A two-day cure period is necessary for good 
bonding. 

The experimental fuel tank (1, 2, or 3) tested was mounted on the top 
of the vibration table with a 1/2-inch Micarta pad for thermal insulation 
between the tank and the table.   Beneath the vibration table were two 
30-by 24-inch cylindrical fuel transfer tanks (Figure 9).   These tanks 
are used to store fuel pumped from the experimental fuel tank to simulate 
engine usage (1 gpm).   3y maintaining this constant sprung weight, the 
vibration amplitude and frequency remain constant during a test. 

Flexible lines and a variable-speed gear pump, used to transfer fuel from the 
test tank,   at 1 gpm, complete the fuel transfer system.   This may also be 
seen in Figure 9.   A second 20-gpm gear pump was used for filling and 
dumping the test fuel. 

Fuel Temperature Conditioning System 

The basic philosophy of the temperature conditioning system is to control 
the temperature of a large heat sink/water bath to the required test value. 
This larger thermal capacitance is then circulated through the fuel, in the 
case of the emulsion, or the fuel is circulated through the water bath, in 
the case of the liquid JP-4, until the fuel temperature reaches that of the 
bath.  A 300-g3llon tank was used to hold the water bath. A 2-ton refrigera- 
tion compressor unit was used to condition to lower than ambient tempera- 
tures.  A 13-kw electrical heater mounted in the side of the tank was used 
to obtain higher than ambient temperature.   By use of antifreeze or high- 
temperature fluids, it is estimated that the expected operating range of the 
system is from 0° to 160oF, well beyond the required test range of 40° to 
100ÜF. 
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Fuel Vapor Sampling System 

The experimental setup of the movable sample probe system is shown in 
Figure 12.   The sample probe extending into the tank is 1/8-inch copper 
tubing.   It is heated along its length to prevent sample condensation on 
the walls.   A pulley/counterweight system Is used to adjust the height 
of the probe In the tank throughout the test.   This system Is operated by 
one person outside the test cell and adds greatly to overall test efficiency. 
The sample line is enclosed in a stainless steel tube that leaves the tank 
through a moving vacuum seal (Figure 13).   The tube provides rigidity to a 
tee-section.   Above the weight, a flexible cable passes over pulleys and 
through the cell wall.   The cable Is counterwelghted on the Interior side 
of the wall.   A pointer that Is calibrated for distance Into the tank Is 
attached to the cable to permit probe depth to be read exactly off a 
measuring ruler mounted on the wall.   The sample line passes through the 
wall at a location different from that of the control cable and leads to the 
sample input side of the Chromatograph.   Output Is then read directly off 
the recorder at various depths Into the tank.   A mercury manometer Is used 
to check pressure In the sample line to determine sample Injection pressures. 
This parameter is Important in the calculation of the fuel/air ratio (control 
sample density). 

TEST INSTRUMENTATION 

With the exception of the measurement of fuel/air ratio, the Instrumentation 
employed is relatively straightforward.   The basic experimental quantities 
being measured and the devices used are discussed below. 

Fuel tank pressure (altitude) Is controlled by a vacuum regulator which 
permits an accurate set pressure to be maintained in vacuum systems and 
accurately controls the "amount of gas introduced.   Readout is by a vacuum 
gauge mounted on the regulator.   This gauge reads vacuum pressure accurately 
from 2 to 29 inches of mercury.  A direct-reading mercury'manometer used to 
measure sample pressure at the Inlet of the Chromatograph is used for calibra- 
tion.   The regulator can be seen In Figure 9. 

Fuel liquid temperature Is measured by a thermocouple mounted in the side 
of the test tank.   Its calibration is confirmed during fuel temperature condi- 
tioning and filling by an Immersion thermometer (done before and after test). 

Vibration level and frequency are measured using two accelerometers powered 
by charge amplifiers.   Two units were used to check for rocking by comparing 
phase angle between output peaks.   These units were calibrated at 1 g 
acceleration by dropping them on a soft pad.   The free-flight acceleration 
level is 1 g.  jlfeadout for the accelerometer and thermocouple was on 
an IB-chann»! recording oscillograph.   Frequency and acceleration were 
then easüf^read by comparing output time marks and calibration displace- 
ment (1 g). 

Flow rate for withdrawal from the experimental fuel test tank was measured 
by scaling the height change of fuel level with time and readjusting the 
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transfer pump flow rate.   For Tank #1, for example, 1 gpm withdrawal 
corresponds to 1/4 inch per minute fuel height change.   Initially, flow 
rate was measured by a small turbine flowmeter.   However, this flowmeter 
was discarded as this device will not work with the emulsion. 

There were several impprtant criteria involved in choosing an appropriate 
instrument from which the fuel/cir ratio of the vapor phase could be 
obtained.   These include accuracy, wide composition range, variable 
total sample pressure, rapid sampling rate, small sample size, ease of 
analysis, time required for reduction of data, and cost.   For the tests to 
be meaningful,  a large number of vapor phase samples would be required 
to be analyzed.   Therefore, the time required to withdraw and analyze the 
sample must be minimized without compromising the accuracy.  Also because 
of the large number of samples, it would be desirable to withdraw very 
small samples so that the ullage would experience a minimum of disturbance 
due to removal of part of the vapor.  Another major consideration was the 
wide range of fuel/air ratios and total pressure that would be expected 
during the course of testing.   Many analytical instruments are effective 
only in restricted ranges of these variables. 

A portable gas Chromatograph with flame ionization detector was chosen 
to meet these requirements.   The unit is equipped with two columns and 
a switching valve.   The first column does not separate the sample and 
yields total hydrocarbon count directly.   It was used to increase the speed 
of the fuel/air ratio measurements.   The second column separates com- 
ponents and was used to analyze mixture hydrocarbon components to 
determine effective molecular weight. 

It is believed that a good compromise of these varied requirements is 
achieved with the üow sampling system and analysis instrument shown in 
Figure 14.   The sample is drawn through the sampling tube by a vacuum 
pump at a rate monitored on a small flowmeter and at a pressure monitored 
by a mercury manometer.   The rate is such that the pressure drop in the 
line between the test tank and the analytical instrument is negligible, but 
it iß also fast enough so that the total flush-out time of the sampling tube 
is less than 10 seconds.   The sample is drawn continuously through a two- 
loop, manually operated sampling valve, so that a sample is injected into 
the helium carrier flow and analyzed by the instrument about every 30 
seconds.   While analysis of this sample is occurring, a new data point is 
being acquired by moving the sampling probe to a new position.   The output 
of the Chromatograph is in millivolts, which is a measure of the number of 
carbon atoms present in the sample.   Procedures for calculating fuel/air 
ratios are shown in the following secion.   This signal is recorded on a 
millivolt recorder having an automatic integrating circuit.   The area under 
the millivolt versus time curve represents a quantitative measure of the 
hydrocarbon present in a sample.   The total pressure of the sample is also 
measured; and these measurements, along with the calibration results, are 
used to determine the fuel/air ratio. 
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PROCEDURES 

The basic test procedure is to map the fuel/air ratio distribution as a 
function of position and time within an experimental fuel tank.   Level- 
flight profiles at constant fuel temperature are flown with the fuel tank 
vibrated at levels resembling those encountered in actual flight.   Fuel 
is withdrawn from the tank to simulate engine usage.   The test parameters 
are then fuel temperature, ambient pressure, agitation, fuel type (liquid 
JP-4 or emulsified JP-4), and tank geometry.   An additional parameter 
discovered during the course of testing is the exposure time of the fuel to 
the rubber lining material. 

Prescribing a value for each of the above parameters defines a test. 
Following this, the initial test procedure is to condition the fuel and fill 
the test tank.   Figure 15 shows the conditioning procedures used for the 
liquid and emulsified JP-4 fuels.   The procedure is to control the bath 
temperature to the test value.   For the liquid, the fuel is pumped from the 
drum through a heat exchange coil into the tank, using a 20-gpm gear pump. 
The coil is of sufficient length so that the exit temperature of the fuel is the 
same as that of the bath.   For the emulsion, the conditioned bath water is 
circulated through the open-head drum of the emulsion until the required 
temperature is reached.   The fuel is then hand-bucketed into the test tank. 
Hand transfer is used as the gear pump works the emulsion to a different 
yield stress than that at which it was received. 

The Chromatograph is calibrated concuifent with the fuel filling, using a 
standard butane air mixture obtained from a certified laboratory.   These 
signals provide the ratio to scale from known composition to test values. 
Following the calibration and filling of the tank, the tank cover is replaced, 
if necessary, and the sample line is reconnected to the probeT'The fuel 
temperature is recorded, and initial fuel/air mixture data are taken.   The 
vibration generator is then turned on and adjusted until the required level 
is reached.   Several more data points are taken to assure that the initial 
mixture was an equilbrium mixture corresponding to the vapor pressure of the 
fuel. 

After the vibration level (read off the oscillograph) and the fuel/air ratio 
reach the prescribed test conditions, the tank pressure is set to the 
required value using the vacuum pump and regulator.   The test 
is then initiated by simultaneously switching on the fuel transfer (with- 
drawal) pump and a timer. 

The fuel/air ratio is analyzed every 15 minutes (3-3/4-inch level drop at 
1 gpm) at 3-inch intervals from the top of the tank to as near the moving 
liquid surface as possible.   The procedure is to set the indicator pointer 
at a 1-lnch distance into the tank using the measuring rule mounted on the 
interior wall (Figure 12), wait for 30 seconds to assure that the sample 
line is full of samp'e gas from that point, inject this sample into the 
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Chromatograph (analysis takes 30 seconds), and simultaneously move the 
pointer to the next position.  This procedure is continued so that the 
ullage is sampled at 3-inch position intervals every 15 minutes until the 
tank is nearly empty.   The exact time of sample injection is recorded 
as the surface moves between profile points.   This correction for exact 
time of injection is small and may be neglected at the 1-gpm withdrawal 
rate. 

The data reduction calculations used to obtain fuel pressure and fuel/air 
ratio are based on the use of the perfect gas law with a correction for the 
differences in molecular weight between calibration gas and the JP-4 
mixture vapors.   The flame ionization detector basically counts carbon 
atoms.   By injecting a «mall sample of known fuel composition (.4% 
n-butane in this case) and measuring the output in terms of area under the 
deflection curve, the area per unit carbon atom (see Figure 16 for sample 
calibration and output) may be obtained.   When a test sample is now 
measured at some point in the tank, the number of carbon atoms counted 
may be calculated from the ratio of the test area (A.) to calibration areafo ). 
Estimating an effective molecular weight for the complex JP-4 vapor mixttffe 
allows calculation of the moles of fuel vapor present.   Moles then may 
easily be converted to fuel pressure and fuel/air ratio.   The effective 
molecular weight of JP-4 based on more detailed chemical analyses using 
the same Chromatograph was estimated to be 72 lbs/lb-mole (pentane). 

These constants are combined below into two simple equations.   The 
standard gas composition used for calibration is also built in.  An 
additional correction for tank pressure using the equation of state is 
included. 

At 
P,    =   .0461    X  ~    (psi) 

1 Ac 

F/A =   .00784    X 
At Pc   '   •0461 

. 
Ac Pt  "   Pf 

where Pr    = calculated vapor pressure of fuel vapors (psi) 

Af.    = area of Chromatograph output for test sample 

A      = area of Chromatograph output for calibration sample 
c 

P      =  pressure of calibration sample (psi) 
c 

P      =  pressure of test sample  (psi) 

The results of this data reduction program are listed in Appendix I.   A 
simple computer program was written to perform these calculations.   The 
input data was A., A  , P , and Pt.   The results generated were the 
measured vapor jfresSure of the fuel (Pf) and the fuel/air ratio. 
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Figure 16.   Sample Chromatograph Output Showing Butane Calibration 
and Three JP-4 Peaks at Different Positions CTest 13). 
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FUEL PROPERTIES 

To assess the flammability characteristics of a particular fuel, the most 
fundamental property required is the vapor pressure.   For most hydrocarbon 
fuels, the flammability region is bounded by fuel/air ratios of 0.035 and 
0.28 by weight (Reference 1).   On a weight basis, these compositions are 
relatively constant over the wide range of hydrocarbon types available. 

Most fuel specifications prescribe a minimum and maximum acceptable Reid 
vapor pressure.   The pressure is measured at 100oF in a container with 
vapor/liquid volume ratio of 4.    For this work, it is essential to know 
the vapor pressure variation over the entire required temperature range, 
for only with these values may a high confidence level be placed on the 
experimental fuel/air ratio profile.   They should approach the equilibrium 
value close to the liquid surface, and the equilibrium air/fuel ratio Is a 
function of temperature and pressure. 

I 
Standard correlations exist for predicting true vapor pressure curves as a 
function of liquid temperature.   The Reld vapor pressure at vapor/llquld volume 
ratio of 4 must be corrected to a ratio of zero for true vapor pressure.   True 
vapor pressures are slightly higher than Reld vapor pressures and are easily 
calculated (Reference 4).   The equation requires the slope of the ASTM 
distillation curve at the 2-percent evaporated point.   For this reason, 
Reld vapor pressure and a complete distillation curve for the JP-4 and 
emulsified JP-4 (EF4-104H) were run.   These results are shown In Figure 
17 with calculated vapor pressure curves.   From the distillation curves. It 
Is seen that Initially the fuels are quite different until the water and light 
ends are distilled.  At the higher end they approach each other as would be 
expected.  Also shown In Figure 17 Is a special Reld vapor run taken at 40°F 
for the liquid JP-4 (p =0.5 psl). 

These calculated curves derived from experimental correlations are not 
precise, but the Important point Is that they Indicate that the JP-4 used 
was of lower than average vapor pressure.   The experimental results do 
tend to Indicate this trend. 

TEST RESULTS 

A summary of the different parameters used In the different tests Is provided 
In Table I, and the results of the reduction of the experimental data are 
presented In Appendix II.  The results are shown both In tabular and In 
graphical form.   In the tables, time Increases downward In Increments of 
.25 hour and distance Increases across In Increments of 3 Inches as 
measured from the top of the fuel tank.   The results for both the partial 
pressure of the fuel and the fuel/air ratio are given.   In the figures, con- 
centration is specified In terms of the fuel/air ratio and the distance as 
measured from the top of the fuel tank.   Eighteen tests are reported, and 
fifteen additional tests were conducted but not reported because of poten- 
tial unreliability of test results.   A large number of these deletions were 
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TABLE I.     TEST PARAMETERS 

Test Fuel Vibration Liquid Teir.p.0F Altitude Liner 

1     4 Liquid 0.15 @ 5 cps 60 Sea Level No 

5 Liquid 0.15 @ 5 cps 49 Sea Level No 

6 Liquid 0.15 @ 5 cps }           107 Sea Level No 

7 Liquid 0.15 @ 5 cps 52 15,000 ft No 

8 Liquid 0.15 @ 5 cps 50 10,000 ft No       1 

9 Emulsion 0.15 @ 5 ^ps 50 Sea Level No 

10 Emulsion 0.15 @ 5 cps 52 5,000 ft No       | 

11 Liquid None 62 Sea Level Yes 

12 Liquid None 48 Sea Level Yes 

13 Liquid 0.15 @ 10 cps 66 Sea Level Yes      | 

14 Liquid 0.15 @ 5 cps 90 Sea Level Yes      | 

16 Liquid      | 0.15 @ 5 cps 80 Sea Level Yes 

18 Liquid      | 0.15 @ 5 cps 46 Sea Level Yes      I 

1   19 
Liquid 0.15 @ 5 cps 50 Sea Level Yes 

1   20 Liquid      1 0.15 @ 5 cps 58 Sea Level Yes 

|   21A Liquid      | 0.15 @ 5 cps 96 Sea Level Yes      | 

|   22A Liquid 0.15 @ 5 cps 80 Sea Level Yes      | 

1   23 Liquid      | 0.15 @ 5 cps 75 Sea Level Yes      | 

33 



short tests to determine if the liner was saturated; i.e., a limited number 
of data points were taken to see whether or not a gradient was established. 
After some evaluation of the reliability of the test data, the results are 
described below in sections labeled according to the test parameter 
involved. 

Reliability of Test Data 

Some accuracy of analysis was sacrificed in order to be able to take and 
analyze a large number of samples.   It was believed, however, that this 
approach would be more informative than taking fewer samples and 
analyzing them precisely.   The large number of samples that were taken 
and analyzed in each test did permit a realistic mapping of the concentra- 
tion profiles of the ullage as a function of time.   From these concentration 
profiles. it was possible to deduce the effect of the various test parameters 
on fuel/air gradients. 

There is some scatter in the data, and this seems to be more apparent in 
the high-temperature (high fuel/air ratio) tests than in the low-temperature 
tests.   This might be expected, as condensation of portions of the sample 
(hydrocarbon loss liom the sample) would be a more important consideration 
at high fuel/air ratios.   Although the sampling line was heated well above 
the liquid temperature, there could have been cold spots in the sampling 
line system which would have caused fuel condensation.   Other possible 
sources of error could be the inclusion of spray droplets or mist particles 
within the vapor sample.   However, this is not believed to have been a 
major problem in the tests.  Although surface wave motion (for JP-4) within 
the fuel tank was as much as 3 to 4 inches, very little foaming was produced, 
and only a small amount of drop formation (visual observation) was apparent. 
This drop formation seemed to be restricted to within several inches of the 
fuel surface.   Spray and drop formation of a size smaller than that observable 
with the naked eye may have been present, but large irregularities in the 
composition profile which might be expected from this did not occur. 

The presence of misting was not visually apparent within the fuel tank. . 
Misting had been reported (Reference I) previously as having a tendency 
to form during the ascent  phase of the flight profile to an extent somewhat 
proportional to the rate of ascent.   The current tests included only level- 
flight profiles; thus a comparison in this respect Is not altogether valid. 
Turbulent eddies set up within the vapor phase by the oscillating fuel 
surface could cause some random fluctuations In the measured fuel/air 
ratio.   Also, condensation of fuel vapors on the tip of the sampling probe 
could be a problem.   An attempt was made to minimize the effect of some 
of these potential sources of error, but It Is not known how much any of 
them contributed to the final result.   The consistency and reasonableness 
of the data are the only criteria for evaluating the various effects, and 
considering this, there do not appear to be any important deviations. 
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The other variable reported is the position of the sampling probe prescribed 
as a distance from the top of the fuel tank.   This is easily measured. 
However, some uncertainty is involved in locating the height of the fuel 
surface relative to this probe.   As the fuel surface was generally in a 
state of high agitation, the mean height level of the liquid surface is 
probably not known to an accuracy greater than 1-2 inches.   Therefore, 
the location of the fuel surface as indicated in the figures of Appendix I 
is somewhat arbitrary. 

Fuel Temperature 

Tests were conducted for fuel temperatures ranging from 46° to 107oF.   The 
composition profiles for three of these tests (Tests 4, 6,  18) where no 
other parameter is being varied are shown for comparison.   The fuel 
temperatures were 60oF for Test 4, 107oF for Test 6, and 460F for Test 13. 
Although all of the composition profiles shown for these tests are relevant, 
the features which distinguish one test from another are most apparent in 
the composition profiles measured for a test time of 1.5 hours.   These 
profiles are compared in Figure 18 and shew the trends of both the magnitude 
and the shape of the composition profiles as the temperature of the liquid 
fuel increases.   In Test 18 (46°F), the fuel is the coolest; this fact is 
reflected in the lower position of the curve on the figure.   The profile drops 
off gradually and steadily as the top of the tank is approached.   Test 4 was 
for a somewhat higher temperature (60° F), and the position of this profile 
is intermediate on the figure.   A slight plateau is evident near the surface 
of the liquid, but otherwise the profile also drops off steadily toward the 
top of the fuel tank.   For Test 6, an exaggerated composition plateau 
extends for over half of the distance from the liquid surface to the top of 
the tank.   The dotted line shows the results of profile calculations for   « 
1.5 hours as presented in Figures 5 through 7.   For the case where the 
greatest agreement would be expected, Test 18 (low temperature and the 
assumption  of vt/vf > > 1 would be best), there is some deviation.   This 
deviation would be expected if the mechanism of transport of the fuel vapors 
involved some frei! jconvection or turbulence.   The results of Test 4 show 
better agreement; it is presumed that this is so because v, is now becoming 
larger because of an increase in fuel temperature, and as this happens, a 
composition plateau will start to develop.   For Test 6(107oF), the composi- 
tion plateau has developed significantly. 

The results were repeatable with the exception of Test 5 (50oF).   In this test, 
the composition dropped off from the value at the fuel surface and then re- 
mained level through the remainder of the ullage.   This type of profile was 
not expected.   Errors could have been introduced during some of the 
experimental procedures, but as there was no reasonable cause for deleting 
these data, they have been included.   However, the results of the other 
tests in this temperature range are sufficiently consistent, so the discrepancy 
of Test 5 is not considered to be serious. 
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Figure 18.   Empty Tank Fuel/Air Cotnposition Profile at Various Fuel 
Temperatures (Sea Level). | 

35 



Altitude (Test Pressure) 

The effect of ambient pressure on the composition profiles is shown in the 
results of Tests 19, 8, and 7 (50oF), which were conducted at simulated 
altitudes of sea level,  10,000 feet, and 15,000 feet respectively,.   The 
results of Test 19 are typical of these tests conducted at a relatively low 
temperature and atmospheric pressure.   In Test 8 {10,000 feet), the shape 
of the composition profiles has started to level off; in Test 7 (15,000 feet), 
the composition profile is level.   As test pressure decreases, the fuel/air 
ratio at constant fuel temperature increases.   Figure 19 compares the re- 
sults of these tests for a test time of 1.5 hours.   In this case, two factors 
are contributing to the flatter profile.   First, by decreasing the total pres- 
sure within the fuel tank, the percentage of fuel vapor in the ullage doubles. 
This increases the bulk fluid motion in   the   vapor   s^ace    (v,)    due 
to fuel evaporation.   A second factor is that the solubility of air within the 
liquid decreases in direct proportion to the ambient pressure   (Henry's Law). 
As the ambient pressure decreases, air that was soluble for an opplied pres- 
sure of 1 atmosphere now reaches a state of supersaturation, and it starts 
to evolve from the liquid phase in the form of bubbles.   As these bubbles 
pass from the surface of the liquid, they carry with them an equilibrium 
concentration of fuel vapors.   This deaeration is another contmbuting fac- 
tor to the bulk velocity coming from the surface (vf). 

Vibration of Fuel Tank 

The effect of fuel tank vibration on transport of fuel vapors from the liquid 
to the gas phase and then through the gas phase to the top of the tank was 
measured at two temperatures.   This is shown at 48°F by Tests 18, 12, and 
19 and at 620F by Tests 4,  11, and 13.   Composition profiles for a test 
time of l.S hours for these two temperatures are compared in Figures 20 
and 21.   Figure 20 compares results for Tests 18 and 19 where the fuel tank is 
subjected to a nominal vibration (5 cps @ . 15g maximum acceleration) and 
for Test 12 where no vibration is imposed.   Figure 21 shows results for 
Test 11, which is not sub/ected to any vibration; Test 4, which is subjected 
to the nominal vibration; test 13, where the frequency of vibration has been 
changed (10 cps, .ISg maximum acceleration). 

No differences in the composition profile are apparent.   The levels of the 
curve are approximately the same, and the shapes are similar.   The fact 
that the composition profiles are similar indicates that the mode of transport 
of the fuel vapors from the surface to the top of the ullage is probably the 
same for both the condition where the tank is vibrating and the condition 
where it is not being disturbed.   Therefore, although there are modes of 
transport other than molecular diffusion (free convection, for example) 
involved, they do not appear to be related to the agitation that was imposed 
on the tank within the limited range of frequencies investigated.   Even at 
the no-vibration condition (vibration generator off), a limited amount of 
force was transmitted to the tank by the lines attached to the transfer pump. 
It must be recognized that when relating these results to aircraft, no aircraft 
motion such as shock due to course changes and atmosphere turbulence was 
included in the simulation. 
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Figure 19.   Empty Tank Fuel/Air Composition Profile at Various Pressures 
(5Q0F). 
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Figure 20.   Empty Tank Fuel/Air Composition Profiles Showing Effect of 
Vibration (48°?, Sea Level). 
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Figure 21.   Empty Tank Fuel/Air Composition Profiles Showing Effect of 
Vibration (62° F, Sea Level). 
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Fuel Tank Lmer Effects _ j=      , ^     , 
Tests 4 tiyough 10 were conducted with an unlined (interior of fuel tank, 
exposed to metal wall) fuel tank.   The fuel tank was then lined with a 
standard/synthetic rubber tank lining material (PF-10056), and the remain- 
der of the tests were conducted.   The test results showed that differences 
occurred in the composition profiles which appeared to be related to the 
presence or absence of,the fuel tank liner.   These differences wer^not 
always apparent, but they seemed to be related to the historjXof the fuel 
tank liner and the temperature of the liquid fuel.   The manufacturer of the 
rubberized lining material was contacted to obtain additional technical 
data on the liner, and some additional laboratory tests were conducted in 
this program in an attempt to evaluate these effects.   These tests a^re 
explained in detail in Appendix II.   In general, they showed (as was*con- 
firmed by the manufacturer of the liner) that upon exposure to JP-4 fuel, 
some of the plasticizing components of the liner migrated into the fuel. 

This process of migration of the plasticizer out of the liner is essentially 
complete within several days, and once a fuel tank has been used several 
times, no further changes in the composition of the liner would be anti- 
cipated .   As the plasticizer is removed from the liner, some of the liquid 
fuel components, particularly the aromaltic ones, become absorbed within 
the matrix of the liner structure.   These compounds apparently are not 
tightly bound to the liner material and may be driven off at moderate 
temperatures (75° to 80°F in this investigation).   Realizing that a fuel tank 
may undergo many types of environmental changes, the saturation of the 
liner material for any particular flight would depend upon the immediate 
past history of the fuel tank.   For example, if the fuel tank is allowed to 
sit full of fuel for several days, the liner will become saturated with those 
components of the fuel which it absorbs.   Even those portions of the 
liner material not in direct contact with the liquid (top of the tank, for 
example) may absorb considerable amounts of fuel from the vapors present. 
Depending upon the temperature of the fuel tank walls, these fuel vapors 
may be driven out into the vapor space as the liquid fuel level Yecedes. 
In a particular flight profile, either a great deal or very little of the 
absorbed fuel components could be driven out of the liner Into the ullage 
Thus, the condition of the liner for a succeeding flight is affected . 

After the liner was initially put In the fuel tank, the tank was never com- 
pletely emptied, although It did sit with varying amounts of fuel for several 
days at a time between tests.   Therefore, the condition of the liner at the 
start of any given test was essentially unknown.  An exception might be 
Tests 11 and 12, the first tests where a liner was used, where it might 
be assumed that the liner had not yet been saturated with fuel.   It then 
becomes apparent that each test must be considered by itself to determine 
the extent to which the liner may. have affected the measured composition 
profile within the ullage space. 
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Examples of the tests where the rubberized liner had a measurable effect on 
the composition profile were those where the fuel temperature was some- 
what elevated (Tests 14, 16, 22A, and 23).   IIJ these tests the fuel 
temperature ranged from 7S0F(in Test 23) to 90 F (in Test 14).  Tests 22A 
and 23 (Figure 22) are characterized by a dip in the concentration profile, 
so that a minimum in the fuel/air ratio is observed to occur midway between 
the lined top of the tank and the liquid fuel surface. 

At first glance, the dip would seem to be due merely to diffusion into the 
ullage of fuel vapors from both the top of the tank and the surface of the 
liquid.   This is not the case, however, as it is likely that a three-dimen- 
sional mixing from all the walls is involved in causing the dip. 

In contrast to the above. Tests 14 and 16 (90° and 80°F respectively. 
Figure 23) exhibit almost no concentration profile.   It could be that the 
effect of the fuel tank liner is greater in these two tests, but it is also 
possible that motion from the surface (v,) is contributing to the flatness of 
the profiles.   Test 6 is an interesting comparison for an unsaturated liner 
case.   The composition profile is level for the greater part of the distance 
separating the top of the ullage and the fu»l surface.   A rapid decline in 
the amount of fuel vapors present occurs as the top of the ullage is 
approached.   In this test, the tank liner was not involved as a source of 
fuel vapor at the top of the tank.   The comparison shows that the liner can 
have a significant effect on the composition profile for certain conditions 
of exposure time and liquid temperature. 

Fuel Emulsion EF4-104H 

Figure 24 presents the results of Tests 9 and 10 run with emulsified fuel. 
Generally, as would be assumed from the vapor pressure curve of Figure 17, 
the emulsified fuel results in a lower fuel/air ratio than JP-4 at correspond- 
ing conditions.   The composition profile generally appears more uniform        j 
than for the liquid. 
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Figure 22.   Empty Tank Fuel/Air Composition Profiles Showing Effect of 
Liner Saturation. 
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Figure 23.   Empty Tank Fuel/Air Composition Profiles Showing Effect of 
Saturated and Unsaturated Liner. 
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Figure 24.   Empty Tank Fuel/Air Composition Profiles Showing Differences 
Between Emulsion {EF4-104H) and IP-4. 
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CONCLUSIONS 

Fuel/air gradients were found to exist in the ullage space under simulated 
flight conditions .   These results differed significantly from those which 
would be found if the vapor mixtures   in the ullage were considered to be 
at equilibrium (i.e., a uiiform vapor mixture with fuel partial pressure 
identical to the vapor pressure of the contained fuel).   The gradients are 
such that tanks considered to be fuel-rich under equilibrium conditions 
do indeed contain varying amounts of flammable mixture. The effects of 
liquid fuel temperature, altitude, agitation of liquid, fuel type, and a 
fuel tank liner on the measured fuel/air ratios were determined. 

1. Increasing the liquid fuel temperature (test range 40° to 100° F) 
increases the overall fuel/air ratio.   Even at 107oF (equilibrium 
fuel/air well above fuel-rich limit), a portion of the ullage 
space was still within flammable ranges due to the existence 
of fuel/air gradients.   Increasing the temperature also causes 
the near-equilibrium fuel/air mixtures to extend further out 
from the fuel surface.   In essence, then, nonequilibrium 
venting effects, due to fuel withdrawal, extended the 
nominal flammability-nch limit (60° F in Reference 1) to over 
100oF because of the fuel/air gradients. 

2. At sufficiently high temperatures (75° to 80^) in a rubber-lined 
tank, the wall of the tank was warmed to the extent that fuel 
absorbed in the liner evolved as fuel vapor.   This caused a 
decrease in the vapor phase fuel/air gradients as compared 
to the unllned fuel tank.   Depending on the degree of saturation 
of the liner, this effect can reduce the quantity of flammable 
vapor. 

3. As altitude increased, the composition profile became flatter. 
This was due to the increased volatility (interphase mass 
transfer) of the liquid as the pressure decreased.   Also, air 
saturated-with fuel vapors evolved from the liquid solution 
(see Appendix III). 

4. In the tests conducted, the vibration of the fuel tank at 
different g levels and frequencies (agitation of liquid) did 
not affect the composition profile.   This result indicated that 
the controlling transport mechanisms were similar with and 
without vibration.   Therefore the agitation of the fuel was not 
a significant factor.   The nominal rectilinear vibration of .15g 
and 5 cps resulted in 3-to 4-inch waves (peak-to-peak), but 
very little foaming, spray, or misting occurred (Reference 1). 

5. The emulsified fuel (EF4-104H)   showed a lower vapor fuel/air 
ratio than the liquid fuel.   Generally, smaller fuel/air gradients 
were observed with the emulsified fuel than the liquid fuel. 
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An analytical model to simulate the diffusion Within the fuel tank and 
convection of the vent air was developed.   The model was based on 
extension of an existing heat transfer program to include vent convection. 
Calculations made using the program compared reasonably well with 
experimental results. 

4 - * 
Agreement between the experimental data aiKTcalculated results indicates 
that a reasonable understanding of the effects of various flight jjarameters 
on fuel/air gradients in the ullage space has been reached.   The analytical 
model aids in predicting fuel/air gradients within aircraft fuel tanks of 
different geometries and for arbitrary flight profiles. 

RECOMMENEATIONS 

The following recommendations are made for future work to define more 
completely the extent of the mixture of the fuel/air gradients problem and to 
lead to a practical solution: 

1. Conduct additional tests to cover more completely the range of 
flight/aircraft parameters including ascent (air evolution from , 
liquid) and descent (high vent air convection rates) effects on 
vapor phase gradients. 

2. Add fuel volatility convection term to tank computer model, 
correlate with above test results, and generate a set of calculated 
composition profiles for various flight profiles expected in opera- 
tion.   From these results, a pilot's handbook of safe flight 
envelopes can be generated.    ' 

3. Demonstrate the validity of the above results for several test 
profiles with a spark ignition explosion-proof tank.   Tests 
can be conducted to measure and classify the intensity of 
ignition. 

4. Based on an understanding of fuel tank transport behavicr and 
«   the calculated composition profiles, indicate methods of 

solution and define test verification procedures. 
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APPENDIX II 

EFFECT OF IET FUELS tfP-4)AND EMULSION 

ON FUEL TANK LINER MATERIAL 

Some test runs made after the installation of the tank liner showed little 
or no fuel/air ratio change throughout the entire test (see tests 14 and 16). 
Equipment failure was first suspected, and the sampling lines and the 
Chromatograph were checked for leaks or malfunction.   The test equipment 
was found to be in order.   Since it is quite common for the plasticising 
components in synthetic rubbers to migrate, it was thought that perhaps 
such a phenomenon was occurring and that this could be having some effect 
on the measured composition profiles.   The manufacturer of the lining 
material was contacted, and saturation data for their PF-10056 synthetic 
rubber/nylon liner material were obtained.   It indicated that the weight 
losses after soaking the material 7 days in JP-4 varied from 2.0% to 7.0%. 

The loss in weight is due to the fact that the aromatic plasticer in the 
rubber liner diffuses and changes place with the aromatic fractions (up to 
25%) within the JP-4.   The aromatics in the fuel are lighter than those 
in the PF-10056; thus the loss in weight.   This phenomenon also accounts 
for the saturation of the PF-10056 with, some components of JP-4 fuel. 

Laboratory tests were run at Dynamic Science to verify the information 
received from the manufacturer.   These tests are described in the following 
paragraphs. 

TEST PROCEDURE 

Two-inch squares of PF-10056 were weighed and placed in JP-4 and emulsi- 
fied fuel at ambient temperature and in JP-4 at 90° F. Samples were removed 
from the ambient temperature media at 24-hour intervals over a 72-hour 
period and were reweighed. Samples in the 90° F test media were reweighed 
at 24-, 48-, and 72-hour and 1-week intervals. All samples showed a sig- 
nificant weight loss, as shown in the following tables: 
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TABLE II.    IP-4 FUEL AT AMBIENT TEMPERATURE 

Date Time (hours) Sample Weight(qrams) 

1-6-70 

1-7-70 

1-8-70 

1-9-70 

0 

24 

48 

72 

Sample 1 Sample 2 Sample 3 

2.6588 2.6050 2.6089 

2.6466 

2.5625 

2.5824 

Weight Change (gms) 

Weight Change (%) 

0.0122 

0.458% 

0.0225 

0.864% 

0.0265 

1.015% 

TABLE III. EMULSIFIED FUEL AT AMBIENT TEMPERATURE       j 

\         Date Time (hours) Sample Weight (grams)              | 

1-6-70 0 

Sample 

2.7070 

1        Sample 2 

2.7041 

Sample 3 

2.6478 

;   1-7-70 24 2.6611 - i 

1-8-70 48 - 2.6559 - 

1-9-70 72 - - 2.5948 

Weight Change (gms) 0.0459 0.0482 0.0530 

Weight Change {%) 1.695% 1.782% 2.00%      j 
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TABLE IV. IP-4 FUEL AT 90OF 

Date Time Ihours) Sample Weight (grams)                  s 

Sample 1 Sample 2 Sample 3 Sample 4 

1-12-70 0 2.6350 2.6638 2.7221 2.7732      | 

1-13-70 24 2.5600 - - - 

1-14-70 48 - 2.5668 - ä 

1-15-70 72 - - 2.6216 - 

1-19-70            1 Week - - - 2.6657 

[ Weight Change (gms) 0.0750 0.0970 0.1005 0.1075 

Weight Change (%) 2.84 3.64 3.69 3.87          1 

70 

\ 



APPENDIX III 

DEAERATION OF TP-4 FUEL 

Deaeratlon of JP-4 fuel was observed in the form of gas bubbles during 
setting of tank pressure during the testing.   This flow of gas bubbles 
saturated with fuel vapors can lead to a bulk convection into the ullage 
space and a lessening of degree of mixture of fuel/air gradients within the 
ullage.   To define the extent of air dissolution, a small chemical analysis 
program was Initiated.   Samples of the Standard JP-4 fuel, MIL-T-5624G, 
shipped in 50-gallon batches (55-gallon drums), were taken from an   / 
unused drum of fuel.   Mass spectrometer analysis was taken to analyze 
the composition of dissolved gases in the fuel as received and after holding 
at 1/2 atmosphere for 2 hours (mixture was at equilibrium with the 1/2 atmos- 
phere after this period). 

TEST PROCEDURES 

The solubilities of dissolved gas were experimentally determined by desorbing 
and measuring the gas dissolved in a known volume of fuel (apparatus shown 
in Figure 25). For the samples saturated under a pressure of 1 atmosphere 
of air, the fuel was introduced through nylon tubing into a 92.95-ml ampoule, 
which was filled completely and closed off by a stopcock.   This ampoule 
was connected to a high-vacuum system, and the connecting lines above the 
stopcock were evacuated to <10   mm Hg.   Then the stopcock was opened and 
the gases and fuel vapors were allowed to expand Into a 2-1 trap cooled to 
«s-60oC to condense the majority of the fuel.   The noncondenslble gases were 
passed through three liquid-nitrogen-cooled traps to remove traces of volatile 
fuel components and were then collected in a Sprengel pump (Reference 5). 
Durina collection of the gases, the ampoule containing the fuel was heated 
to w70 C to facilitate distillation.  After the volume of the noncondenslbles 
was measured, the gases were transferred into another ampoule and analyzed 
by mass spectroscopy.   The mass spectrometer was calibrated for N«, O2. 
and Ar before analysis. 

To obtain a fuel sample saturated with air at » 0.5 atm#»j200 ml of fuel 
(saturated with air at atmospheric pressure) was placed in a 250-ml round- 
bottom flask attached to a glass-T equipped with a stopcock for evacuation. 
The 92.95-ml ampoule was attached to the second arm oi the glass-T, and 
the whole system was connected to a vacuum line.   The total pressure in the 
system was then reduced to « 0.5 atm and kept under this condition for 
105 mln while the fuel was stirred.   During the last 20 min of this period, 
the pressure above the fuel remained constant at 385.7 mm Hg.   The fuel 
to be analyzed was then transferred Into the measured volume by tipping 
the whole system.   The measurement of the dissolved gases was subsequently 
carried out as described In the preceding paragraph. 
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Figure 25.   Experimental Arrangement for Measuring 
Gases Dissolved in JP-4 Fuel. 
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To check the effect of temperature on the solubility of "air" in JP-4 fuel, 
the amounts of gases dissolved under an air pressure of 1 atmosphere 
were measured at two different temperatures (19.70C and 23.20C).   The 
results differed by not moro than + 1.14% of the amounts dissolved, which 
shows that the temperature coefficient of the solubility of oxygen and 
nitrogen in JP-4 fuel is negligibly small within the above temperature range. 
Temperature has an equally small effect upon density within the range of 
from 19.70C to 24.10C.   Four measurements showed the density of the JP-4 
fuel sample to vary within the limits 0.754 + 0.004 g/ml. 

The results of the determination of N?, O«, and Ar dissolved in JP-4 fuel 
under specified conditions jf temperature and air pressure are compiled in 
Table V.   Also included in Table V are the sums of dissolved nitrogen 
and oxygen to make comparison with available data on dissolved "air" 
possible.   In addition, the ratio of dissolved nitrogen to oxygen is listed 
and compared with the same ratio in air. 

From Table V it can also be seen that the ratio of nitrogen to oxygen in 
the solution is lower than the ratio of the two gases in air.   This indicates 
that oxygen is more soluble in JP-4 than nitrogen, in agreement with the 
observations of Polishuk, et al (Reference 5).   Naturally, the nitrogen to 
oxygen ratio in the gas coming out of the solution must be the same as that 
In the original solution since, during decrease of pressure over the solution, 
the ratio of the partial pressures has not been changed.   Calculating the 
N7/0? ratio of the liberated gases from Table VI gives 2.194, in agreement 
with the N-/CL ratios listed in Table VI for the gas remaining in solution. 

The data of Table V are insufficient to, evaluate the^pplicability of Henry's 
law to the system JP-4 fuel/air.   However, the varlues obtained for the 
solubility at ^0.5 atm and the average of the values measured at 1.0 atm 
would make it appear that Henry's law is not too closely followed.   From 
Table V it can be calculated that upon decrease of pressure to 50.75% of 
1 atm (385.7 mm Hg), the amount of oxygen remaining in solution was only 
48.60% of the amount dissolved at 1 atm.   When scaled to a 100-gal tank, 
this represents a significant oxygen addition to the vapor phase.   The 
corresponding amount for nitrogen is 48.^3,%.   It is believed that these 
differences (50.75% versus 48.6%) are an indication that Henry's law is 
not strictly followed, but that solubility (within the temperature range 
investigated) increases more with increasing pressure than would be 
predicted. 

i 
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TABLE V.    GASES DISSOLVED IN JP-4 FUEL 
CAt 1 Atmosphere and 1/2 Atmosph ere) 

p 
[mm Hg] t 

rc) 

[mlSTp/ml fuel1 

N2 02 Ar N2+02 
Ratio     j 
N2/02 

«760 19.7 0.10427 0.04810 0.00265 0.15237 2.168 

«760 23.2 . * 0.10455 0.04703 0.00244 0.15158 2.223    | 

Average «1 atm 0.10442 0.04757 0.00255 0.15198 2.195 

385.7 24.1 0.05078 0.02312 0.00131 0.07390 2,196    1 

Air - - - - - 3.727 

As calculated from Table V, the amounts of gases liberated from the JP-4 
solution during reduction of the air pressure above the solution from 1 
atmosphere to 0.5075 atmosphere are as listed in Table VI. 

TABLE VI. AMOUNT Of GASES COMING OUT OF JP-4    I 
SOLUTION DURING AIR PRESSURE DECREASE FROM 

|                               1 atm to 0.5075 atm                                     | 

|                           Gas ml^p set free per ml of fuel    | 

1                             N2 
02 

Ar 

1                             N2+02 

0.05364                         [ 

0.02445                         | 

G.00124 

0.07808                          1 

Noi#*- Task #1 Nominal - 100 gal=79xl08ml 
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APPENDIX IV 

DIFFUSION INDUCED CONVECTION OF HIGH VOLATILITY FUELS 

(EXCERPT FROM KRIETH, "PRINCIPLES OF HEAT TRANSFER") 

Mass transfer by molecular diffusion can be examined in an analogy-to- 
conduction-to-heat transfer.   Mass transfer by molecular diffusion may 
occur in a stagnant fluid or in a fluid in laminar flow.   The transient one- 
dimensional mass-transfer equation can be written in a form identical to 
the Fourier heat-transfer equation, 

where c =concentration of component A in a mixture of A and B, lb-moles/cu ft a 

Q  =time, hr 

D =mass diffusivity, sq ft/hr 

y  =distance in the direction of diffusion, ft 

In the steady state, the concentration at any point does not vary with time, 
and 

N
a 

dCA 

A v   dy 

where N /A is the mass flux in lb-moles/hr sq ft. The negative sign appears 
because^he concentration gradient is negative in the direction of mass trans- 
fer. 

The above equation states that mass will be transferred between two points 
in a fluid if a difference in concentration exists between the points.   Mass 
transfer occurs at an appreciable rate only in gases and liquids.   In solids, 
mass transfer is suppressed by the relative immobility of the molecules. 

In the gas phase, concentrations are usually expressed as partial pressures. 
If the perfect gas law, 

n «T 
Pä=-^ = caRT 

wherep= = partial pressure of gas A in a mixture, atm a 

n = number of moles of gas, lb-moles 

ft = gas constant, cu ft atm/lb-mole F 

V  = gas volume, cu ft 
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Is assumed to hold, the above equation becomes 

N        -D     dp a _    v       a 
V        «?T    dy 

Integration between any two planes in the fluid gives 

XT -D (p    -p^  ) N v   a?    a, 

V"=   «T(y2 -/j) 

where p    is the partial pressure at y, and p     is the partial pressure at y0. 
al 1 a2 l 

The above equation is rigorously correct only for equimolar counter diffusion. 
In equimolar counter diffusion, gases A and B diffuse simultaneously in 
opposite directions through each other.   The rates of diffusion are equal 
but in opposite directions, i.e., N   = -N, . 

Diffusion of a gas through a second stationary gas often occurs in practical 
equipment.   For example, in the humidification of air, water vapor must 
diffuse from the air-water interface through an air layer which is essentially 
stationary (as is the case in fuel tank diffusion).   Conversely, in the 
dehumidification of air, water vapor must diffuse from the bulk of the gas 
phase through stationary air to reach the surface at which it condenses. 

Consider the case of gas A diffusing through a stationary gas B from a gas- 
liquid interface where gas A leaves the volume.   Gas B diffuses toward the 
interface but is essentially insoluble.   Since A diffuses away from the 
interface, there must be a partial pressure gradient for A in the direction of 
diffusion.   The rate of transfer of A is given by 

N§L_   -D^   dp^ 

A «T    dy 

Since there is a continuous gas phase, the total pressure P must be constant 
throughout the gas.   Since p +p. =P, a gradient in p   will cause a gradient 
of p.  in the opposite direction.   This gradient will force diffusion of gas B 
toward the interface, at the rate 

N.      -D    dp.      D     dp b _  v    'p _    v     ^a 
A       «T    dy     RT     dy 

since dp./dy= -dp /dy.   Since gas B is not being absorbed at a high rate at 
the interlace, even though it is diffusing toward the interface, some other 
mechanism must transport gas B to maintain a constant concentration of 
gas B at the interface.   A bulk flow of gas away from the interface sweeps 
the gas B which is diffusing toward it.   The bulk flow will consist of a 
mixture of A and B. 

This diffusion-induced convection occurs at higher liquid temperatures and 
lower pressure, and was supported by the experimental data in that composi- 
tion profiles were flatter for these conditions. 
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