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SUMMARY

This report presents the results of crashworthiness evaluations of the fucl systems
of the UH-1B, UH-1D, CH-47, and OH-6A aircraft, with effort also directed to the
study of ballistic threat. Work was also conducted in testing and developing compo-
nent modifications to eli.iinate weaknesses existing in the present systems, with
special effort devoted to highly extensible, self-closing fuel lines. This research
effort resulted in a series of recommendations for changes and established guide-
lines for future aircraft fuel-system designs.
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FOREWORD

This final report documents the engineering effort conducted by Goodyear Aero-
space Corporation under Contract DA-44-177-AMC-442(T) for the U.S. Army
Aviation Materiel Laboratories from July 1966 to January 1967. Certain portions

of this work were subcontracted to Aviation Safety Engineering and Research
(AVSER), a division of Flight Safety Foundation, Inc., who provided considerable
assistance, especially in those areas relating to crash vulnerability and dynamic
testing. Acknowledgement is made to the following companies for their assistance:
Hughes Tool Company (Aircraft Division), Bell Helicopter Company, and The Boeing
Company (Vertol Division). Additional information was supplied by Sikorsky Air-
craft, a division of United Aircraft Corporation.
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PART I

INTRODUC TION

Data from studies of accident statistics involving fixed-wing and rotary-wing air-
craft reveal that the greatest number of fatalities continue to occur in accidents
involving postcrash fires. These data have also indicated that the postcrash fire
problem in helicopters is significantly more serious, with respect to the incidence
of fire and fatalities, than in fixed-wing aircraft.

Previous investigations have been limited primarily to research and experimental
testing of improved crash-resistant fuel cell materials. New fuel cell materials
have been developed which offer a significant improvement over the materials used
in existing fuel cells designed to meet current military specifications. Improved
full-scale fuel cells dynamically crash tested in both fixed- and rotary-wing air-
craft have demonstrated the ability to withstand dynamic crash loads of the magni-
tude experienced in survivable-type aircraft accidents. However, the actual crash-
worthiness of a fuel system is dependent upon the dynamic behavior of not only

the fuel tank but also the aircraft structure surrounding the tank, tank location, fuel
fittings, lines, boost pumps, and other components which make up the complete fuel
system.

The purpose of this research effort was to conduct a theoretical and experimental
design program to extend the crashworthiness of the improved fuel cells to the com~
plete aircraft fuel system.

The program began with an evaluation of the fuel systems of four helicopters
currently used by the U.S. Army: the UH-1B, UH-1D, CH-47, and the OH-6A
aircraft. This evaluation was centered on a vulnerability analysis of the fuel systems
(from the crash environment standpoint), with extensive effort also directed to the
study of ballistic threat., The program then continued in the testing and develop-
ment of component modifications to eliminate weaknesses existent in the present
systems. Special effort was devoted to a highly extensible, self-closing fuel line
concept. The program culminated in a series of recommendat ons for changes and
established guidelines for future aircraft fuel system designs.

1
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PART II

PRELIMINARY DESIGN STUDY

INTRODUCTION

An initial fuel system analysis was conducted to define the failure modes and design
deficiencies of the fuel systems in four operational helicopters. The assumption
was made that an electrical inerting system is used and functions properly if an
aircraft crashes. The electrical system itself was investigated only to the extent
of analyzing its ballistic vulnerability. The deficiencies noted in existing systems
during this iritial phase of the study, as well as general recommendations for

their correc.ion, formed the basis for the more detailed studies conducted later.

In this preliminary study, use was made of all available design schematics, hind-
books, installation drawings, and component drawings for the following aircraft:

(1) CH-47, (2) UH-1B, (3) UH-1D, and (4) OH-6A. Each of these aircraft was
inspected at the Bell Helicopter Company, Fort Worth, Texas, and at Edwards Air
Force Base, California, Data obtained from previous U.S. Army programs relat-
ing to the crashworthiness and vulnerability of U,S, Army aircraft were used in
the failure mode analysis. The AvSER crash evaluation method was also used to
determine theoretical modes of fuel systems failure in a crash environment, A de-
tailed discussion of this method is presented in Appendix I,

The following components and accessories were analyzed during this initial phase:

Fuel Cells Fuel Cell Components Fuel-Transfer System
Location Fuel drains Fuel cell interconnects
Spatial form Fuel vents Fuel-transfer lines
Installation Filler necks Transfer line fittings and

Quantity indicators couplings

Fuel boost pumps Fuel filters

Fuel line connections to In-line valves
cells

CRASH VULNERABILITY ANALYSIS

Design Deficiencies of the CH-47 Fuel Cell Location

There are two internal, crash-resgistant bladder-type fuel cells in the CH—47 heli-
copter, each with a capacity of 308 gallons; the lower 50 percent of these cells is

2
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self-sealing. The cells are installed in drag pods, one on each lower side of the
fuselage (Figure 1).

There is considerable physical separation between the fuel tanks and the engines,

a desirable arrai.gement in that fuel spillage occurring at impact is kept from the
engine ignition-source area. Locating the tanks outside the occupiable area is also
a sound concept as it minimizes the chances of spilled fuel entering the cockpit or
cabin areas. However, the pods themselves lack satisfactory strength. The pod
structure has failed in moderate crashes, allowing the fuel tank to drop from the
helicopter, thus causing bladder failurs and total fuel spillage (Figure 2).

When fuel tanks are installed in the lower portions of a fuselage (the tank bottom
being nearly level with the bottom of the aircraft), they are particularly suscep-
tible to penetrations from stumps, rocks, and other ground objects. When such
penetration occurs, the structure surrounding the tank is torn, punctured, and
deformed, The interaction of the jagged structure with the fuel tanks constitutes
one of the greatest threats to fuel containment during aircraft accidents.

Design Deficiencies of the UH-1B Fuel Cell Location

There are several slightly different fuel tank configurations in the UH-1B.
Since the general design and installation techniques are the same for each con-
figuration, they will be discussed together.

The fuel is carried in two flexible, self-se:nling fuel cells that are interconnected

to form a single 168-gallon tank. Althougi the lower portions of the cells are

self -sealing, the upper bladder portion s made of fairly thin (0.051-inch) material
that could easily be punctured and torn by jagged metal. The fuel cells are located
directly behind the occupiable area, one on each side of the fuselage, as shown in
Figure 3. Any rupture of these cells would almost certainly result in fuel gpillage
into the occupiable area, presenting a considerable personnel danger should igni-
tion occur. However, the fuel cells are not located directly under the transmission
or other heavy components. Survival-limit accident results with this aircraft
indicate that the transmission rarely deflects enough to cause fuel cell damage.

The bottoms of the fuel cells are slightly above the level of the fuselage bottom.
This location allows for some crushing of the aircraft structure, thereby protecting
the fuel cells somewhat from penetration by ground obstructions and lessening the
impact forces upon the cells themselves.

Design Deficiencivs of the UH-1D Fuel Cell Location

The UH-1D helicopter contains one fuel tank that is composed of five interconnected
fuel cells having a total capacity of 200 gallons. Figure 4 shows the arrangement

3

FOR OFFICIAL USE ONLY

B . - M 2 AR TS B o




FOR OFFICIAL USE ONLY

Figure 1. CH-47 Fuel Cell Location.

4
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Figure 2. Pod Failure after CH-47 Crash,

5
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Figure 3. General Arrangement Diagram Showing Tank Location,UH-1B.
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of these cells. Two cells are located beneath the occupiable area, one on each
side of the fuselage; two are directly aft of these, above the floor and behind the
occupiable area; and the fifth cell is in the middle of the fuselage, between the
two aft tanks, With this arrangement it is very likely that any cell rupture would
send fuel into the occupiable area, endangering personnel, The two bottom cells
are the .30-caliber, self-sealing type, while the three upper cells are made of
thin-walled bladder-type material having no self-sealing capability, These low-
strength upper cells could be easily punctured or torn during ciash impact. The
two forward tanks, located under the floor, are particularly proae to exiensive
crash damage resulting from contact with rocks, stumps, or other ground ob-
jects, In this case, the hazard is amplified by the probability of compressing the
tanks between the ground and cargo during impact.

Design Deficiencies of the OH-6A Fuel Cell Location

The OH-6A helicopter contains two interconnected, self-sealing fuel cells that
form one tank having a capacity of 66 gallons. These two cells are located very
low in the fuselage and underneath the occupiable area, as shown in Figure 5. As
discussed previously, the proximity of the cells to the occupiable area and the
very low location are undesirable. There is also the problem of cell compression
between the ground and payload during impact.

General Recommendations

In an ideal crashworthy fuel system, the tanks should be located moderately high
in the aircraft structure, above the floor level. The airframe structure beneath
the tanks would then afford maximum protéction against tank puncture by ground
objects. The buckling aircraft structure would also absorb some impact

energy, thereby reducing structural damage in the vicinity of the tank itself. In
addition, the tank should be located so that it minimizes exposure to impact
damage from any heavy masses such as the transmission, engine, cargo, or rotor
blades. Hot ignition sources such as the engine should be as far away as possible
from the tank. The tank should also be located away from the occupiable area.

The above ciiteria must undoubtedly be compromised by other aircraft design

criteria such as flight dynamics and the limited available space within the structure.

Therefore, fuel containment must be primarily a function of the tank resistance to
impact or penetration and tearing by jagged metal. The fuel tarks should be

made from a material that will resist impact and puncture to a much greater degree
than any now in common use. Several new fuel-tank materials have been developed
and tested. These materials have demonstrated significantly better crash-resistant
properties than any now in use (Reference 8).
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Figure 5. General Arrangement Diagram, OH-6A.
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Fire curtains or protective shields should be located between fuel tanks and
probable ignition sources and between the tanks and the occupiable area, The
curtains should be fabricated from a flexible, fire-resistant material and should
be 30 to 40 percent larger than the minimum sire required to protect a given area.
The curtains could then be installed in a pleated manner, thus allowing them to
accommodate large structural displacements without tearing. The primary value
of fire curtains is their ability to prevent spilled fuel from reaching ignition
sources. An added benefit could be gained in that the protective curtain would
tend to isolate a fire from the occupants, thereby increasing their escape time.

Spatial Form Design Deficiencies

The contours of the two lower forward celis and the middle aft cell in the UH-1D
helicopter are generally satisfactory (refer to the fuel system diagrams in Appen-
dix II). These cells are smooth and regularly shaped with no protrusions that
could snag on surrounding structures as the structure and the cells move relative
to each other during crash impact. (Attached components and lines will be dis-
cussed separately later in the design evaluation.) The smooth shapes of the two
fuel cells in the CH-47 are also satisfactory in this regard,

The two aft outer cells of the UH -1D helicopter are generally smoothly shaped.
However, the filler neck protrusion could be caught on or pinched in nearby
collapsing structure. The bottoms of the fuel cells in the UH-1B and OH-6A air-
craft all have pronounced protrusions in the sump area. A sump cup, approxi-
mately 3 inches in diameter and 2 inches deep, is located at the bottom of

each fuel cell in the UH-1B. This cup is quite susceptible to snagging during crash
impact. The sump area in the OH-6A helicopter is approximately one inch deep
and is at the bottom of the aircraft fuselage; the sump plate is bolted through the
aircraft skin. Even a moderate crash involving a sliding contact of the fuselage
with the ground would almost certainly result in failure of the fuel tank in this
area.

General Recommendations

Two factors which govern the ability of a tank to displace eusily and without
snagging are its contour and smoothness. Iuel cells should be designed without
irresjular shapes and protrusions. Sump areas should be contoured smoothly and
gradually into the bottom of the tank, instead of projecting abruptly as they do in
the UH-1B and OH-6A helicopters, and all corners should be rounded to minimize

snagging.
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Fuel Cell Installation Design Deficiencies

The fuel cells in all four of the aircraft analyzed are supported within the structure
by nylon cord laced between the structure and the cell. The cord is fastened to the
cell with triangular or circular metal hoops, approximately one-half inch across,
which are mounted to the cell wall. Available crash information has never shoawn
this hoop method of support to contribute to fuel cell failure during impact, as the
metal hoops easily separate from the tank without rupturing the cell well.

Aluminum honeycomb structural panels surround the flexible fuel cells in all of the
aircraft except the OH-6A. A fiber glass backing on the honeycomb, between the
cell and the structural panel, provides a smooth surface adjacent to the cell wall.
These honeycomb panels provide a degree of protection to the fuel cells during
crash conditions by absorbing some energy before the impact forces are trans-
mitted to the tank. However, the honeycomb structure itself is inadequate in
preventing fuel cell rupture during survivable crash impact, as witnessed in the
crash of the CH-47 helicopter mentioned earlier (Figure 2).

One design factor that repeatedly causes fuel tank failure is the rigid attachment
of fuel cell components to both the cell and the aircraft structure. In many cases
the component is attached to the fuel cell and the aircraft with common fasteners.
This technique does not allow structural displacement to occur without placing
stress concentrations on the fuel tank at these attachment points. Boost pumps,
filler necks, and drain valves are a few of the components which are rigidly at-
tached to both the tank and the structure. Actual accident history has shown the
prevalence of fuel cell tearing at these locations. The photograyhs in Figures 6
and 7, which illustrate this type of failure, were taken after a 1935 accident
involving a CH—47 helicopter.

The capability of a cell to contain fuel during crash conditions depends to a large
extent upon its ability to shift and reorient its volume as structural deformation
occurs. Rigid attachments preclude this shifting, thus resulting in tank failure by
actually tearing the tank away from the attachment. Rigid cell wall connections
between fuel cells, as in the UH-1D and OH-6A helicopters (Figure 8), also restrict
any shifting or reorientation of the tanks. It is practically impossible for any of the
three aft tanks in the UH-1D to move relative to each other because of the rigid
intercell attachments, and it is highly probable that failure will occur between the
tanks at these points. This situation is discussed more fully in the sections de-
voted to fuel cell interconnects.

General Recommendations

Tank failures caused by rigid attachments between the cells and the aircraft struc-
ture or between the cells themselves can be prevented in several ways, depending
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Figure 6. Fuel Tank Attachments to Basic Structure,

Figure 7. Fuel Bladder Failure After Structural Attachments Pulled Free.
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Figure 8, Cell Wall Interconnects, UH-1D (Top) and OH-6A (Bottom).
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on the location and function of the attachment. In some instances, self-sealing
breakaway fittings should replace the connections now in use. In other cases, the
redesign or relocation of the component is desirable,

Another possibility is the centralization, insofar as possible, of all lines and
connections to the tank at its least vulnerable area. This centralization would
permit the greatest amount of displacement before a forcible separation of any
connections could occur. The generally preferred location is at the top of the tank
in an area where the probability of impact damage from crumbling aircraft struc-
ture and ground obstructions is low. The tank inlets and outlets might also be
located on a protected side of the fuel cell, near the top of the tank. However, the
structure of each aircraft would have to be analyzed carefully to determine which
(if any) of the tank sides would be suitable from a crash vulnerability standpoint.

Design Deficiencies of Fuel Drains

The fuel drain valve is connected to a large crossfeed line in the UH-1B helicopter
(Appendix II) and is exposed to impact damage from the surrounding structure
during crash conditions. However, because the valve is located outside the fuel
cell, it cannot cause fuel tank failure per se. The fuel drains and valves in the
other three aircraft are all located in the bottoms of the fuel cells. There are
common, rigid attachments between the cells and aireraft structures at these
points. The fitting protrudes past the outside surface of the tank in every case;
Figure 9 illustrates this typical type of installation. The fuel tank bottom in a
helicopter is quite vulnerable to crash damage since many accidents occur in a
near-level flight attitude and at high sinking speeds. The probability of these pro-
truding drains in the bottoms of the fuel cells being torn from the tank during crash
impact is therefore quite high.

General Recommendations

Several feasible methods are available for eliminating the hazards caused by drains
in the bottom of the fuel cell. All attachments of the fitting to the structure should
be eliminated and the entire valve and fitting recessed within the tank as shown in
Figure 10. The drain line should be made of a low-strength material that can tear
away from the tank without pulling the fitting out of the tank wall. Instead of re-
cessing the valve and fitting, a self-sealing breakaway attachment could be placed
between the cell and the valve, thus allowing separation of the two with no fuel
spillage during crash impact. The use of a strong tank material, as well as re-
inforcing the tank around the fitting, would lessen the probability of the fitting
tearing the tank wall under high-stress loads.
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Figure 9. Drain Valve, UH-1D.
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FLEXIBLE TUBE TO LOW POINT
OR SUMP AREA OF TANK
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FUEL BELOW VALVE LEVEL IN TANK

Figure 10, Suggested Drain Valve Installation in Tank.
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Design Deficiencies of Fuel Vents

The fuel vent fittings protrude past the outside surface of the fuel cells in all four
aircraft. In addition, these metal fittings are all rigidly attached to the tank and to
the aircraft structure, with the exception of the UH-1B helicopter. Typical vent
fitting installations are shown in Figure 11, When either the tank or the structure
moves relative to the other under crash impact, the failure probability at this
point is quite high. The valve fitting can be torn directly from the tank wall when
tensile or shear loads are applied to the vent lines, or the fitting can snag (as the
tank moves) on parts of the deformed structure, also tearing the tank wall. In
either case, tank failure may occur with resulting fuel spillage.

Fuel spillage will occur through the vent whenever the tank comes to rest in other
than a normal attitude, whether the vent is damaged or not. Additionally, the high 3
hydraulic pressure within the tank at crash impact can also force fuel through the ]
vent. Calculations show that, during a 100 G acceleration level, approximately ]
two-tenths gallon of fuel could be forced through a 2-inch diameter opening.
(Refer to Appendix III for the method of calculation.)

An emergency shutoff valve is incorporated in the vent line in the OH-6A helicopter.
This valve is designed to close when tilted to any position exceeding 30 degrees
from vertical, and also during survivable crash impacts. The incorporation of
such a valve in the vent system is a sound concept. However, its installation
negates its effectiveness during crash conditions. The vent line between the tank
and the valve is generally composed of thin-walled, metal tubing which is rigidly
clamped to the airframe structure immediately above and below the valve itself.
This rigid attachment, together with the rigid attachment of the vent fitting at the
fuel tank, is almost certain to cause line failure between the tank and the valve as

a result of structural deformation during crash impact.

General Recommendations

Eliminating the attachment to the structure and recessing the fitting, as recom-
mended in the case of the fuel drains, would help prevent tank failure at this point,
Reinforcing the tank in this area and using a self-sealing breakaway fitting are
also recommended. An internal trap system or check valve should be used to
eliminate spillage from an inverted or inclined tank. The check valve should be
located inside the tank to minimize the possibility of valve damage caused by
shifting structure or moving objects during crash impact. A dual-purpose fitting,
incorporating a check valve and self-sealing breakaway capabilities, might be
designed to eliminate the necessity of two separate fittings. The incorporation of
a check valve and self-sealing breakaway fitting should contain the fuel within the
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Figure 11. Fuel Vent Fittings.
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tank during crash impact, thus preventing any fuel from entering the vent lines.

The lines should be made of a low-strength material that will fail before trans-
mitting to the fitting tensile or shear loads great enough to pull it from the cell wall.
If there is a possibility of fuel being forced into the vent lines, however, the lines
should be made flexible and longer so they can move during structural deformation
without placing a high-stress load on the valve and fitting.

Design Deficiencies of Filler Necks

The CH-47 has two filler necks, one for each fuel tank. Each of the other three
aircraft has only one filler neck for its entire tank system. The filler neck in the
OH-6A helicopter is considerably longer than those in the other aircraft, as shown
in Figure 12. The lower approximately 5 inches of the filler neck is fabricated
from the fuel cell material and is bonded to the cell. This lower portion is joined
to a rigid section by a clamp. The filler cap is part of the outside structure of
the aircraft. The complete assembly is enclosed in a rigid shield between the
aircraft skin and the tank wall.

The filler necks in the other three aircraft are attached to the aircraft structure
and the fuel tanks with common bolts, with the filler cap ring a part of the aircraft
structure. This type of attachment is illustrated in Figure 13. When structural
deformation occurs during crash impact, the filler neck attachment pulls loose
from the tank wall, leaving a large hole in the tank. Figures 6 and 7 demonstrate
this failure mode.

General Recommendations

To prevent fuel spillage during crash impact, it is essential that the filler cap stay
with the fuel tank when the structure and tank move relative to each other. The cap
should be countersunk into the tank and the tank attached to the structure around the
cap area with a frangible ring or coupling, as shown in Figure 14. The tank wall
should be sufficiently reinforced in this area to prevent failure prior to separation
of the frangible interconnect.

Long filler necks should be avoided if possible. If a long filler neck must be used,

it should be made of flexible material having a breakaway capability to avoid ex-
cessive cell-filler neck restraint as the cell moves relative to the structure. Again,
the cap should be countersunk into the fuel tank to ensure that the tank remains
sealed in this area if a filler neck or attachment fails. This type of installation is
shown in Figure 15.
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Figure 12, Filler Neck, OH-6A.
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Figure 13, Typical Filler Neck Attachment,
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Figure 14, Various Filler Neck Attachments.
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Figure 15, Flexible Filler Neck Installation.
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Design Deficiencies of Quantity Indicators

The quantity indicator in the OH-6A helicopter is a float-type indicator that is
rigidly mounted to a recessed cover in the top of the fuel tank. This cover is
rigidly mounted to the aircraft structure. The other three aircraft all have capac-
itance indicator prohes similar to those shown in Figure 16. The CH-47 helicopter
has common rigid attachments between the tank wall, probe flange, and aircraft
structure. The fuel quantity probes in the UH-1 helicopters are attached by clamps
to metal fittings which are rigidly attached to the aircraft structure (Appendix II).

The common rigid attachment between the tank and the structure in the CH-47 is,

as previously mentioned, quite prone to cause tank failure at this point. Although
the quantity indicators in the other three aircraft are not attached to the aircraft
structure and the tank wall with common fasteners, they are still rigidly bound to
the structure and will move as the structure moves. This condition is particularly
hazardous in the case of the capacitance indicator probes, which consist of rigid
tubes mounted vertically within the fuel tank. The clearance between the ends of the
probes and the cell walls varies from approximately one-half to one inch. During
crash impact, it is highly probable that these probes will punch holes in the cell
wall as the fuel tank and the structure move relative to each other.

General Recommendations

Serious consideration should be given to the use of other methods to measure fuel
quantity, thus eliminating the rigid capacitance indicator probe within the tank,
One such method would be the use of a fuel counter, as is currently used in the
T-33 jet trainer, coupled with a warning float switch or thermistor sensor to indi-
cate low fuel level, Although desirable from a crash vulnerability viewpoint, the
use of a fuel counter is not satisfactory when ballistic vulnerability is considered,

(See page 48 )

If a quantity indicator is used within the tank, the float-type indicator is less dan-
gerous to the tank than the probe, Inthose cases where a float indicator is not
advantageous (as in a relatively deep tank), a flexible or frangible capacitance
probe could be used, Thus, during crash impact the probe itself would deflect or
break before damaging the cell wall, A smooth, rounded shoe at the probe base,
as seen on the center fuel probe in Figure 16, should be used to prevent cell wall
puncture before column failure of the probe occurs. The tank wall must be re-
inforced around the probe mounting to ensure that this area will not tear under
loads which are less than those required to cause probe failure, No matter what
type probe is actuclly used, there should be no high-strength rigid attachment be-
tween the probe and the aircraft structure. If a structural attachment is neces-
sary, a frangible attachment should be used, as shown in Figure 17,
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Figure 16, Typical Capacitance Indicator Probes.
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Figure 17, Frangible Attachment Concepts.
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Design Deficiencies of Fuel Boost Pumps

All four of the aircraft use electrically driven boost pumps located within the fuel
tank. The UH-1D helicopter has one electrically driven and one air-driven pump.
However, the air-driven pump is equipped with an electrical low-level switch so
that electrical wires are still close to the fuel tank.

The boost pumps in the CH-47 helicopter are mounted to the cell access doors at
each end of the fuel tanks. These metal doors are mounted to the tank and the air-
craft structure with common bolts. The pumps in the UH-1 helicopters are mounted
to large (approximately 12 inches long and 8 inches wide) metal sump plates located
in the bottoms of the cells. The sump plates are rigidly attached to both the fuel
tank and the aircraft structure. Figure 18 illustrates this type of attachment. The
rigid attachment of the pump to both the tank and the structure results in a high
probability of tank tearing at this point during crash impact. In addition, the large
size of the rigid access doors and sump plates severely limits flexure of the tank
walls in these areas when structural deformation occurs. This rigidity makes the
probability of the tanks tearing at these points even higher.

The boost pump in the OH-6A is mounted to a metal sump plate approximately 4
inches square. The position of this plate is particularly hazardous, as it rests on
the bottom of the aircraft structure. The plate is attached by commoun bolts through
it, the cell wall, and the bottom skin of th~ aircraft. This installation provides no
protection for the fuel cell during crash impact, and the probability of fuel tank
failure in this area is extremely high. Crash damage to the fuel pump results not
only in fuel spillage but in the relerse of electrical sparks froi:: 1amaged wires
into the fuel area. The possibility of tuel 3pillage and electrical sparking makes
the fuel pump a major threat ‘n the initiation of crash fires.

General Recommendations

Several methods may be used to eliminate the fire hazards created by fuel boost
pumps. The most desirable method would be to eliminate the pump completely and
utilize an engine-driven, positive-displacement, suction-type system similar to that
already in use in the CH-53 helicopter. A detailed description of this system may
be found in Appendix VI.

If the boost pump is placed inside the fuel tank, the pump should not be rigidly
mounted to the aircraft structure. If the fuel tank and pump must be attached to the
structure to support the pump, the attachment should be frangible so that the attach-
ment will separate before there is any possibility of tearing the tank wall.
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Figure 18, UH-1B Sump Assembly.
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Figure 18, UH-1B Sump Assembly.
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Design Deficiencies of Cell-Fuel Line Connections

The method of fuel line attachment to the fuel tanks in the CH-47, UH-1B, and
UH-1D helicopters is identical in principle and typical of the present state of the
art. The lines are connected to the tank by means of standard AN and MS fittings
that are rigidly attached to the surrounding structure. This method of attachment
is illustrated in Figure 19. As mentioned previously, rigid attachments are likely
to cause cell failure at these points during crash impact.

The fuel line exits from the OH-6A tank directly from the fuel shutoff valve. This
valve is mounted to the top cover plate which is in turn mounted to brackets
rigidly attached to the aircraft structure (Figure 20). This arrangement is con-
siderably safer than that found in the other aircraft, in that only one fuel line exits
from the tank, and this from the tank's least vulnerable area. However, the rigid
attachment between the tank and the structure still increases the probability of
tank failure in this area.

General Recommendations

All fuel line connections to the tank shouid be made with self-sealing breakaway
fittings which will separate and seal with no fluid loss if subjected to axial tensions
or shear loads. Grouping all fittings in the least vulnerable ares of the tank,
insofar as possible, would allow maximum displacement of the tank before high-
stress loads could be applied to the fittings. The fittings should be designed for
actuation in all conceivable modes of separation, including shear. If they protrude
beyond the mounting face, they should be recessed to prevent their snagging on the
structure after breaking away, as shown in Figure 21. Reinforcement of the tank

in the area of the fittings would also be necessary to ensure fitting separation before
tank failure occurs.

Design Deficiencies of Fuel Cell Interconnects

There are no interconnecting lines between the two fuel tanks in the CH-47 heli-
copter. The small crossfeed line located near the engines permits fuel from the
cells to be directed to either engine but does not allow fuel to pass from one tank

to the other. (Refer to the fuel system diagrams in Appendix II for the arrangement
of lines and interconnects.)

The crossover lines in the UH-1D helicopter are located directly above the landing
gear crossover tubes and are therefore subject to extensive damage in case of
landing gear failure. Since the results of accident studies of rotary-wing aircraft
have shown repeated failures of landing-gear structures under moderate impact,
the position of these lines constitutes a serious fire hazard.
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Figure 19, Typical Fuel Line Connection to Fu-; Cell.
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In addition to the crossover lines, the UH-1D contains rigid interconnects, of the
type shown in Figure 22, between the three aft cells themselves, The two fuel
cells in the OH-6A helicopter are also joined by a rigid interconnect similar to
those used in the UH-1D. These rigid interconnects prohibit the movement of the
fuel cells relative to each other. When structural deformation occurs during a
crash sequence, interconnects will very probably cause fuel cell failure, resulting
in extensive fuel spillage.

General Recommendations

All interconnect lines should be completely flexible and approximately 20 percent
longer than necessary for normal connection. These modifications would allow the
lines to elongate or bend under tensile or shear loading without breaking. A
frangible, gall-proof baffle around the line should be incorporated into the aircraft
structure wherever the line goes through the structure (Figures 23 and 24). The
baffle should be designed so that it will fail under crash impact without snagging
and damaging the fuel line. This design would allow the line itself to move during
structural deformation instead of being severed at this point.

Self -sealing breakaway fittings (Figure 21) should be u:ed at all crossover line-
tank connections. The rigid interconnects between the cells should be replaced
with self-sealing breakaway valves capable of sealing with no loss of fuel under all
conceivable modes of separation. Although quick-disconnect valves will seal with
no fuel loss, it cannot make a direct tank-to-tank interconnect because of its dis-
placement limitations. Conversely, the crash-resistant valves, some which have
been tested for the Federal Aviation Agency (Reference 3), lack the ability to seal
with no fluid ioss in the interconnect portion of the device. The elimination of a
direct tank-to-tank interconnect and the installation of a quick-disconnect valve
represent one possible solution to this problem, although an entirely new valve
with direct tank-to-tank contact would be most satisfactory.

Special consideration must be given to the location of crossover lines. These
lines should be routed along heavier structural members of the aircraft which are
less likely to deform during crash impact. Extra consideration must be taken to
avoid areas where structural displacement is likely to occur, such as the wheel
well and landing-gear crossover tubes.

Design Deficiencies of Fuel-Transfer Lines

Most of the fuel-transfer lines in all four aircraft are made of rigid aluminum
tubing which is routed directly between connections. As previously noted, these
rigid lines readily fail when deformed during crash-induced structural displace-
ment. Figures 25 and 26 show typical failures of rigid tubing that occurred under
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Figure 22. Fuel Cell Interconnects, UH-1D (Left) and OH-6A (Right).
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Figure 26, Rigid Tubing Failure Caused by Crash Impact.
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controlled crash conditions in studies conducted by AvSER. As shown in Figure
26, the flexible huse was undamaged, although both the rigid tubing and the fittings
failed.

Fuel-transfer-line routings in some of the aircraft studied constitute definite cracth
fire hazards because of their vulnerable positions. Flammable fluid lines in the
upper fuselage area of a CH-47 helicopter were severed when the rotor blade struck
that area during a survivable crash (Reference 7). The small crossfeed lines
between the two forward tanks in the UH-1D are quite vulnerable to impact damage
from stumps and rocks because of their location low in the fuselage.

General Recommendations

All fuel lines should be flexible and of extra length to enable them to accommodate
structural displacement. These lines should be supported along their route by
low-load breakaway clamps, Careful selection of support points is important to
ensure that the lines will not rupture. Frangible, nongalling fittings should be
used wherever the lines must pass through flat plate areas such as bulkheads and
firewalls.

Expandable, self-closing fuel lines now under development also offer a method of
coping with structural displacements that wculd ordinarily rupture a rigid line.
These self-closing lines are discussed in detail later in this report.

The fuel-transfer lines should be routed away from areas of anticipated impact
or structural collapse, such as the aircraft bottom, landing-gear area, and

rotor blade impact area. The lines should never be routed near high-current
electrical wiring. Routing the fuel lines along heavier structural members of the
airframe, which are less likely to deform under crash impact, is also desir-
able.*

Design Deficiencies of Trunsfer Line Fittings and Couplings

There are numerous aluminum fittings and connections in the transfer systems of
all four aircraft. Many of these are rigidly attached to the structure at firewalls
and bulkheads. Data obtained from crash histories and studies conducted by AvSER
have shown that failure of these rigid fittings on impact is fairly commoa. In many
instances, these fittings have failed well before the failure of flexible lines attached

* As mentioned previously, all lines should be grouped together and exit the fuel
tank, insofar as possible, from the least vulnerable area of the tank.
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to them, as seen in Figures 27 and 28. Again, this failure is caused by structural
deformation with resultant high-tension or shear loads applied to the fitting,

General Recommendations

All lines to the fittings should be flexible and of extra length to prevent trans-
mitted high-stress loads from affecting the fittings. An absolute minimum number
of fittings should be used, and self-sealing breakaway fittings used wherever pos-
sible. Frangible, nongalling baffles should be placed around bulkhead and firewall
connections. These baffles should be designed to fail before the connection fails.

Those connections and fittings not of the hreakaway type should be strengthened

by redesigning or using different materials, or both. Various failure modes of

the connections and fittings should be evaluated and the results of this evaluation
used as criteria for redesign. The substitution of standard steel fittings in place

of the aluminum fittings might be in order, depending on the failure modes involved.

Design Deficiencies of Fuel Filters

The CH-47 helicopter has either a fuel purifier or barrier fuel filter, depending
on the engine model used. In both cases, these units are rigidly mounted to the
engine itself, as shown in Figures 29 and 30. When the fuel purifier is used, the
rigid fuel supply line from the tanks connects directly to the purifier. When the
barrier fuel filter is employed, the rigid fuel supply line first enters a fuel boost
pump mounted on the engine. The filter is connected to this pump by a flexible
hose. Flexible hose is also used to carry the fuel from the filters in both cases.

Although the use of rigid tubing constitutes a definite crash fire hazard, especially
in such close proximity to a hot ignition source, the installation of the filters per se
is satisfactory from a crash vulnerability standpoint. The rigid attachment to the
large mass of the engine tends to preclude the filters being torn loose during crash
impact, and the mass and shape of the engines afford good protection from flying
objects or deforming structure. However, the juxtaposition of the filter and engine
is undesirable from a ballistic standpoint. Penetration of the filter by a projectile
would send fuel and spray directly into contact with the hot engine surface, resulting
in ignition and subsequent fire. This hazard is discussed more fully in the section
devoted to ballistic vulnerability.

The cylindrical fuel filter in the UH-1B helicopter consists of a detachable sump
bowl connected to the head by means of a '"V'" band clamp. The filter is mounted on
a bracket above the service deck, at the left of the engine (Appendix IT). The rigid
aluminum fuel line from the tanks enters directly into the filter. A flexible hose
connects the filter to the engine.
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Fitting Failure Caused by Crash Impact.

Figure 27.
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Fitting Failure,

Figure 28.
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Figure 29. CH-47 Engine Fuel Purifier, Right-Hand Side.
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The UH-1D helicopter employs the aame type fuel flter as the UH-1B. In all but
one model of the UH-1D, the filter is mounted to n bracket on the firewall in the
left stde of the engine compartment. In the other model, the filter is mounted to
the fron' of the firewall in the pylon support compartment. The f{ilter ia connected
through the firewnll by rigid fittings to the fuel shutoff valve and check valve mani -
fold. The rigld fuel supply lines entor the manifold from below. The filter ia con-
nected to the engine by a flexible hose.

Ag1in, the use of rigid tubing to connect the fuel cell to the (tlter is very undesir-
abie. The tubing is rigidly connected to the filter and to the structure a short
distance away. Any structural deformation would certainly result in tubing failures
at these points, with conaiderable resulting fuel loss. The size of the filter as-
semblies in the UH-1D makes them quite vulnerable to damage or displacement by
flying objects or deforming structure, or both. Additionally, the proximity of the
filters to the hot engines makes fuel loss a great crash fire hazard.

No separate fuel filter is provided in the OH-6A helicopter. An engine fuel filter
of the paper elemeut type (10-micron) is employed, thus eliminating the crash

fire hazard of a separate filter.

General Recommendations

The elimination of a separate fuel filter by incorporating an engine fuel filter, as
in the OH-6A, is an effective way of eliminating attendent fire hazards, If a
separate fuel filter must be used, it should be mounted outside the engine compart-
ment, From a crash vulnerability analysig only, the filter could be mounted se-
curely on or near the firewall, with extra-length flexible hose used to and from the
filter, When considering ballistic vulnerability, placing the filter within the fuel
tank is the most satisfactory arrangement. (See page 49.) Locating the filter
within the tank would not increasc the crash vulnerability so long as the filter
attachment to the structure were frangible, as discussed on page 24.

If the filter is located outside of the tanks it should be as small as prac.icable to
decrease the danger of being hit by flying objects or snagging on deformed struc-
ture. Compartmentalizing the filter would also decrease its vulnerability to
crash damage caused by foreign objects,

Design Deficiencies of In-Line Valves

The OH-6A helicopter contains only two in-line valves: a fuel shutoff valve and a
drain valve, The mechanically operated shutoff valve is mounted to the recessed
cover plate on top of the left-hand fuel cell (Appendix II), The drain valve is
located on the tee that joins the rigid fuel line to the flexible line leading to the
engine, Both valves are well protected and present little crash fire hazard,
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‘The other three afrerafl contain numerous in-line vialves, including fuel shutoff,
check, thermal rolief, and drain valves. In addition, the CH-47 has two sclector
valves located just outslde the tank areas. The shutoff valves in the UH -1 heli-
copters are motor-operated and therefore are {airly large (npproximately 6 inches
« % inches = 3 inches) The selector valves and shutoff valves in the CH=47 are
electrically operated and are approximately the anme size as those in the Ul -1
alrcraft. These valves are all rigidly mounted to the aircraft structure. In addi-
tion, many of the smaller (approximately 1 inch in diameter and 2 inches long)
check valves and drain valves are rigidly attached to the structure. All lincs
leuding to and from the valves are composced of rigid aluminum tubing.

As in the case of the fucl filters, the large size of the shutoff and selectoc valves
makes them vulnerable to impact damage from projectiles or deforming structure.
The use of rigid tubing to and from the valves, together with the attachment of the
valves to the aircraft structure, will almost certainly cause line failure in these
areas when structural deformation occurs.

General Recommendations

The valves should be as small as possible to decrease the possibility of impact
damage. If large valves must be used, they should be located in a protected area
and fastened securely to the structure so that they will not tear loose under crash ‘
conditions. All lines entering and exiting the valves should be flexible and of extra

length so that they can raove with the valve.

Flexible, extra-length hose should also be used with the smaller check and drain
valves. These valves should be supported in protected areas with low-:cad
breakaway clamps, thus allowing the valve and hose to move, free of the siructure,
auring crash impact.

Decreasing the numbe. of large valvesa in the fuel line system would corresponding-
ly lower the vulnerability of the system.

BALLISTIC VULNERABILITY ANALYSIS

The ballistic vulnerability study was based on the assumption that the fuel system o
components would be struck by small arms projectiles; therefore, no hit-probability ‘
study was included. Hit-probability is discussed only in general terms and only

in those instances where wide variations in probability would be likely. The ob-

jective of this analysis was to determine the extert of ballistic damage on and the

post-hit functioning capability of the component, as well as to determine the L
posaibility of fuel system fires induced by ballistic impact.
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“he primary effect of ballistic ponetration of any part of the fuel ayntem can be
P et in one ' the following catogories:

1. Loun of fuel only

2. loss of fuel followed by fuel ignition by an outaide source
(either hot surfnces or electrical sparks)

3. Ignition of the fuel vupor hy ballistic impact flash resulting
frem projectile penetration c¢f metal.

4. Complete loss of the functioning capability of the component.

Although these categories will be discussed separately, any combination of the
categories may be in operation during a ballistic hit on the fuel system.

Loss of Fuel Only

Total loss of fuel pressure will occur if the main fuel line i8 severed by ballistic
impact. This complete loss will immediately cause engine stoppage. The
probability of the line being severed by a direct ballistic hit increases as the
diameter of the line decreases. However, increasing the diameter to minimize
the possibility of line severance also increases the probability of the line being
hit. Regardless of whether the line is completely severed or not, a ballistic hit
on the fuel line will cause fuel loss with a resultant fuel pressure drop to the en-
gine, limiting engine performance.

A redundant fuel line system incorporating an automatic switching valve should be
used 1n all aircraft that might be subjected to ballistic hits. In case of ballistic
damage to one fuel line, the valve would automaticaily shut off this line and switch
the fuel into the other line. The valve could be actuated by pressure transducers
which act as hit sensors. The CH-47 helicopter is the only aircraft studied during
this analysis that incorporates any degree of fuel line redundancy. Both engines
can be supplied by one fuel tank under eriergency conditions. However, no pro-
vision is made for automatically switchirg to a single tank in the event of line
failure. Rapid, automatic switching from one line system to the other must occur
if engine failure is to be avoided. Redundant lines must also be used if an engine-
driven, suction type, fuel system is used instead of a boost pump. In this :ase, a
cavitation sensor could also actuate the switching valve.

Fuel loss caused by a ballistic hit on the fuel tank or the large crossover lines
would not immediately affect engine operation. The main consequence of such fuel
loss, providing a fire did not follow, would be a reduction in flight time. Quantity
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indicators within the fuel tank would register a greater-than-normal fuel capacity
drop, thus alerting the pilot to the fuel loss and enabling him to reach safety before
complete fuel depletion.

Use of a fuel counter coupled with a low-level warning switch, which would be de-
sirable from a crash vulnerability viewpoint, would not be satisfactory in terms of
ballistic vulnerability. Any fuel loss occurring in that part of the system from the
fuel tank to the counter would not be registered, and the fuel loss would be unde-
tected until the low~level warning light illuminated. At this point it is quite pos-
sible that the pilot would not have enough fuel left to reach safety. For example,
only 20 minutes of flight time is available in the UH-1 helicopter after the light
illuminates, and the time remaining would be even less with fuel leakage.

Although shielding the fuel tanks by armor would certainly profect the tanks from
ballistic impact, the weight penalty is almost prohibitive. It has been estimated
that, even using newly developed lightweight armor, small-arms protection for
the UH-1B fuel tanks would represent a weight penalty of almost 50 percent of the
useful load (Reference 4). The self-sealing fuel tanks currently in use are only
partially effective against all types of ballistic penetration (Reference 4). More
effective sealing of fuel cell ballistic damage is imperative. Research is being
conducted in several areas to improve the self-sealing capabilities of fuel tanks,
including effort in the development of a coagulant system to be used in conjunction
with the ARM-021 material.

The metal access doors and sump plates in these aircraft leave a large area of the
fuel ‘anks with no self-sealing capabilities whatever. Access plates on the top of
the tank, as in the UH-1B and OH-6A, do not pose as great a threat as the access
doors in the CH-47 and UH-1D helicopters, which are located on the sides of the
tanks (Appendix II). The sump plates on the bottoms of the tanks constitute a
considerable threat from a ballistic vulnerability standpoint. Their location not
only exposes them to a high probability of ballistic hits from ground fire, but also
makes complete loss of fuel from the tank probable in the event of ballistic penetra-
tion. The sump plates and access doors should be made from reinforced, self-
sealing tank material, both from a ballistic and a crash vulnerability standpoint.

The large crossover lines between the fuel cells in the UH-1 helicopters should

also have self-sealing capabilities, as a ballistic hit on these lines will result in as
much fuel loss as if the tanks themselves were hit. Self-sealing could be obtained
by shrouding the lines with the ARM-024 coagulant system or one of several polymer
materials now under investigation.

Ballistic hits on any in-line components, such as shutoff valves and filters, could

also result in fuel loss, depending on the area of penetration. The immediate
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threat of a hit on these components, considering fue! loss only, would depend on the
rate of lons. If the fuel prossure loss is great enough, eagine fatlure will occur.
Thesc components could be armor shielded without too great s weight penalty. How-
cevor, the scelf-senling shrouding discussed previously would offer the advantages of
leza weight and less volume than the armor.

Any component within the fuel tank presents no threat of fuel loss from ballistic
hits as long as the damage in the cnll wai! seals. Therefore, from a ballistic
vulnerability standpoint, compone .ts shculd be placed within the tank whervver
possible. Quantity indicators and fuel buost pumps are ordinarily located inside
the tank; this practice should continue, although some materials substitutions are
necessary to climinate the threat of ballistic impact flash. Consideration should
also be given to placing the fuel filter inside the tank, slightly before the fuel line
outlet. An engine fuel filter, as used in the OH-6A, could then be used to provide
additional fuel filtration before it enters the combustion chamber, The installa-
tion of all components within the tank shculd also follow the recommendations set
forth in the crash vulnerability analysis to ensure that these components will not
damage the fuel cell during crash impact.

Other components that may be hit by projectiles without fuel loss include the vent
lines and filler neck, as long as the a‘titude of the aircraft remains fairly level.
If the vent outlet at the tank incorporates a check valve, as recommended in the
crash vulnerability analysis, the attitude of the aircraft would be inconsequential
and no fuel loss would occur upon ballistic pene!ration of the vent lines. Sim-
ilarly, if the filler cap wer: attached directly to the fuel tank wall, ballistic hits
on the filler neck would result in no fuel logs regardless of the attitude of the air-
craft.

Loss of Fuel Followed by Ignition

Although complete containment of the fuel after ballistic impact would remove the
threat of fuel ignition by hot surfaces or electrical sparks, no such system is now
in existence. Even a few milliliters of fuel, once ignited, pose a serious threat to
the entire fuel system and the aircraft. 3Ballistic penetration of components con-
taining fuel invariably results in fuel mists erupung as the projectile exits, as

well as liquid fuel being lost from the damaged area. These fuel-air mixtures will
saldom be close to equilibrium and will thus present a combustible mixture in some

regions around the spraying fuel jet (Reference 4).

EL

The filters mounted in the engine compartments of the UH-1 helicopters, as well
as the “ilters mounted directly to the engines in the CH-47, constitute &z definite
fire hazard from the standpoint of ballistic vulnerability. Projectile penetration of
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these filters would almost certainly spray fuel onto the hot engines, resulting in
ignition. The filters should be located outside the engine compartment and pre-
cautions taken to prevent fuel loss, as mentioned in the preceding section.

The fuel lines around the engine also present the same fire threat as the filters.
Since these lines cannot be moved away from the engine, they must be shielded to
prevent fuel or fuel mist from punctured lines coming in contact with the hot engine
surface. Surrounding the engine compartment with armor presents a large weight
penalty. If armor is not used, the lines should be shrouded with a material, such
as nylon felt, which would reduce fuel spraying and loss from a ballistic hit on the
lines. However, shrouding lines installed next to the hot engine would be in-
effective unless complete closure of the ballistic damage was quickly effected.

The heating unit in the UH-1B helicopter is located in a compartment directly be-
hind the fuel tanks (Figure 3). Leaking fuel from a ballistic hit en the fuel system
could easily flow into this compartment and be ignited if the heater were operating.
Flow diverters or drip fences should be placed around this compartment, and
drainage holes should be located to drain internal spillage.

Ballistic hits can sever electrical lines as well as cause fuel loss. The combination
of released fuel vapor and electrical sparking creates a definite ignition or ex-
plosion hazard, or both. Therefore, all electrical sources should be as far away
from the fuel system as possible. Components within the fuel system itself which
comprise electrical hazards are the fuel boost pumps and motor-operated selector
and shutoff vaives. Elimination of the boost pumps by using an engine-driven,suc-
tion type system, as recommended in the crash vulnerability analysis, would
effectively eliminate this hazard. Consideration should also be given to replacing
the motor-operated valves by mechanically operated valves.

Electrical ignition sources present outside of the fuel system include the battery,
inverter, generator or alternator, and electrical wiring. The generator or
alternator, which is mounted on the engine, is close to the fuel lines feeding the
engine; sparking from this source might ignite surrounding fuel vapor. Shrouding
the lines to prevent fuel loss, as discussed previously, would help reduce this
danger.

The electrical compartments carrying the battery and inverter in the CH-47 are
located in the front of the pods, some distance away from the fuel tanks (Figure 1).
This location is fairly safe, but there is a possibility that leaking fuel might run
down the pod and enter the electrical compartment. Flow diverters around the
compartment and drainage holes in the bottom of the pod could reduce this hazard.
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The electrical compartments in the UH-1 helicopter are located directly behind the
fuel tanks (Figures 3 and 4). It is likely that any leaking fuel would drain into
these compartments, with the attendant danger of igniticn or explosion, or both,
should sparking occur. Although flow diverters and drainage holes could eliminate
this hazard, there is also the possibility of a projectile striking at such an angle
that it would penetrate both the fuel tank and the compartment wall behind the tank,
thus sending a jet of fuel vapor into the electrical compartment. Therefore, these
electrical components should be moved as far away from the fuel system as pos-
sible.

Fuel Ignition by Ballistic Impact Flash

Results from previous studies have shown that an impact flash occurs when frag-
ments penetrate metal plates and that under certain conditions these flashes can
start fuel fires in aircraft (Reference 6). The properties of the flash depend upon
the size, shape, material, velocity, and orientation of the fragment and upon the
kind of material, thickness, and obliquity of the plate. The duration of the flashes
ranges from a fraction of a millisecond to several miiliseconds.

Fuel fires have been started by fragments penetrating an aluminum plate in front of
the fuel cell, causing a flash on bath the entry and exit sides of the plate. The frag-
ment then penetrates the cell wall, allowing the fuel to spurt from the cell and be
ignited by the flash. It is thought that the aluminum, upon fragment impact, is
broken into many fine particles with clean surfaces. These particles then oxidize
rapidly and burning proceeds as an aluminum vapor fire.

A sizable impact flash is produced when an aluminum sheet is penetrated by a
small-arms projectile, as shown in Figure 31. (Experimental details in connec-
tion with this photograph may be found in the section devoted to ballistic sparking.)
Although test data (Figure 32; see Reference 2) indicate that small-arms projec-
tiles cannot cause a fuel fire by penetrating a plate in front of the fuel cell, no

data have been collected on the penetration of aluminum components surrounded by
a flammable fuel-air mixture.

It should be recognized that combustible mixtures can exist in all aircraft fuel
tanks at one time or another during flight. The flammability limits of fuels, which
are calculated under equilibrium conditions, cannot be relied on to provide a mar-
gin of safety under flight conditions. The Ad Hoc Group on Aviation Fuel Safety
(Reference 1) states, ''Under the dynamic conditions of actual flight, an almost
unlimiteu series of localized conditions can be generated within the tank which in-
validate the predictions made by assuming that equilibrium existed.' Therefore,
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the assumption must be made that a flammable fuel-air mixture exists within the
system at the time of ballistic penetration and that this mixture can be ignited by
the ballistic impact flash. The results of subsequent work under this contract
have shown that fuel vapors can be ignited in this manner. Refer to the section
concerning ballistic impact flash for further details.

Fuel system components commonly made from cast aluminum alloys include:
boost pump housings. filter sumps and heads, valve housings float indicator
bodies, capacitance indicator heads, and fuel line {ittings and connections. These
are all potential ballistic impact flash hazards. Internal fuel tank components
pose the greatest threat to fuel ignition because of the amount of vapor surrounding
them. Since fuel must be in the vapor state to be ignited, a ballistic hit on a com-
ponent beneath the fuel level should not be an ignition source. As fuel is emptied
from the tank, however, more of these comnonents are exposed in the vapor area,
thus increasing the hit ignition probahility. The possibility also exists that
ballistic flash from components in the line, such as filters and valves, could ig-
nite fuel vapor released upon ballistic penetration of the component.

The fuel cell access doors and sump plates in all four of these aircraft are made

of wrought aluminum alloys. Ballistic impact flash from these metals might

ignite either the fuel vapor within the tank or the fuel sprayed from the tank

through the projectile opening. The substitution of nonflashing materials for
metal parts would eliminate the hazard of ballistic impact flashes. Any synthetic
material possessing the desired physical properties could be used. The sump
plates and access doors could also be fabricated from reinforced cell wall material,
as mentioned carlier. If metal in-line components must be used, shrouding them
with a material such as nylon felt would reduce the amount of vapor spray from
ballistic hits and reduce ignition probability if flashing occurs.

1.oss of Component Function

The functioning capabilities of the following items could he lost because of ballistic]
impact: the fuel boost pumps, quantity indicators, filters, and valves. The con-
sequences of losing these capabilities depend entirely on which component is
damaged. All the aircraft analyzed in this study, with the exception of the OH-6A,
have more than one fuel boost pump. If one pump is disabled by a ballistic hit,
the other pump can provide enough fuel pressure to continue normal engine oper-
ation. This redundancy provides fairly good protection against ballistic vulner-
ability, as the probability of two identical components being damaged at any one
time is small. If necessary, most aircraft can maintain normal flight operations
without using a boost pump; the boost pump can be destroyed with no serious con-
sequences, so long as it is located within the tank. If the boost pump must be
used during flight, more than . .e pump should be provided.
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Loss of fuel quantity readings caused by impairment of the quantity indicators po-
ses no serious threat to the aircraft. All four helicopters incorporate low-level
warning switches to alert the pilot when the fuel quantity declines to a certain
percentage.

The main consequence of a ballistic hit on the filters would be fuel loss, not im-
pairment of functioning capabilities. The only way in which ballistic impact could
impair the functioning of the filter, disregarding fuel loss, would be by plugging
the filter; this possibility is highly unlikely.

Ballistic damage to the valves, again disregarding fuel loss, could either cause

the valves to freeze in position or to cycle to the reverse position. There would

be no additional threat to the aircraft if the valves froze in their original positions.
The only consequence of one of the selector valves in the CH'-47 closing would be
the inability to use the fuel contained in the tank connected to that valve., How-
ever, if one of the check valves in the main fuel lines were closed upon ballistic
impact, fuel flow to the engine would cease. Similarly, if a shutoff valve closed
upon being hit, fuel flow would be stopped. In the case of the motor -cperated shut-
off valves, a ballistic hit on the valve motor might produce stray signals which
would close the valve,

As in the case of the fuel filter, the greatest hazard from a ballistic hit on any

of the valves is fuel loss, with the exception of actuation of a shutoff valve from
damage to the valve motor. Shielding the filter and valves either by armor or
self-sealing shrouding, as discussed previously, would prevent such fuel loss.
The motor-operated shutoff valves should be designed so that stray signals cannot
inadvertently close the valve.
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PART III

ANALYSIS OF EXISTING COMPONENTS

FUEL SYSTEM COMPONENT ATTACHMENTS

The most common and hazardous design deficiency of fuel cell components noted

in the crash vulnerability analys:s is the rigid attachment of the component to both
the cell wall and the aircraft structure. These attachments pull out of the fuel cell
as the cell and structure move relative to each other during crash impact. This
predominant failure mode is illustrated in Figures 6 and 7. Those components
attached to both the cell wall and the structure include the fuel drains, fuel vents,
filler necks, quantity indicators, boost pumps, and the sump and access plates.
Typical 2 .uchments found in the four aircraft studied are shown in Figures 9, 11,
13, i8, and 20.

A frangible attachment that would fail before the cell wall failed would reduce fuel
loss by allowing the component to stay with the tank instead of the structure during
crash impact. Several frangible attachments which could be used are shown in
Figures 14, 15, and 17. A feasibility study of one of these suggested attachments
was conducted during this program. (See the section devoted to preliminary
design modifications.)

Fuel line connections to the tank and fuel cell interconnects are also commonly
attached to both the cell wall and the structure, as shown in Figures 19 and 22.
These attachments may also cause fuel cell failure during crash impact. Self-
sealing breakaway fittings, as illustrated in Figure 21, would allow the line or
interconnect to pull free from the tank with no fuel loss. The results of a feasibility
study of this attachment may also be found in the section relative to design modifi-
cations.

Fuel-transfer lines and fittings have a high incidence of failuve during crash impact.
The rigid aluminum tubing and the many bulkhead fittings preclude any flexibility

of the lines. The lines and fittings are broken as the structure deforms. Typical
line and fitting failures are shown in Figures 25, 26, 27, and 28.

The use of extra-length flexible hose would help reduce the number of line and
fitting failures. However, this modification would not be completely effective in
eliminating failures during crash impact. Routing the transfer lines through the
airframe necessitates the use of some bulkhead fittings. Structural deformation
may be so great in some areas that even extra-length hose would not provide
enough flexibility ‘o prevent line failure.

56

FOR OFFICIAL USE ONLY




FOR OFFICIAL USE ONLY

Frangible, nongalling bulkhead baffles, as illustrated in Figures 23 and 24, would
allow a bulkhead fitting and the attached hose to move, as the structure deforms,

oY e I

without causing either hose or fitting failure. A self-sealing breakaway fitting incor-
porated into the lines at strategic locations would prevent line rupture or fitting fail-

ures in areas of high structural deformation. The feasibility of both these concepts

has been investigated and is discussed in the section devoted to design modifications.

FUEL LINES AND FITTINGS

Introduction

The high incidence of both rigid fuel line and fuel line fitting failures during crash
impact was noted in the crash vulnerability analysis. These failures are caused,
in most instances, by tensile or shear loads applied to the tubing and fittings as
the aircraft structure deforms. The use of extra-length flexible hose, the elim-
ination of as many fittings as possible, and the strengthening of the remaining
fittings were all recommended as methods of improving the fuel transfer systems.
In addition, a test program was conducted to acquire data on the behavior of fuel
lines and fittings under tension and shear loads.

Any changes incorporated in the fuel-transfer system to improve its crash-
worthiness must also be compatible with improved ballistic protection. Recom-
mending the substitution of flexible hose for rigid tubing necessitated ballistic
tests on both lines to assess their vulnerabijlity to small-arms projectiles.

Tensile and Shear Tests

Tensile and shear loads were applied to various combinations of flexible hose,
rigid aluminum tubing, and fuel line fittings to determine: (1) their mode of
failure, (2) the load at which failure occurs, and (3) the maximum elongation at
failure. All test combinations were composed of fuel line components frequently
used in current aircraft. Complete test descriptions and data may be found in
Appendix IV,

The mode of failure under tensile loads was the same for both flexible hose and
rigid tubing regardless of which fittings were used. In all cases, the hose or
tubing pulled out of the fitting. As might be expected, the failure loads increased
with specimen size. Generally, there was no significant difference in the failure
loads of comparable size hose and tubing. (Average failure loads and extensions
are listed in Table I.) Tensile tests of the hoses alone showed that the hoses
pulled out of the fittings at a load equal to only one-half the ultimate strength of
the hose. Thus, the method of attaching the hose tc the fittin, usi be improved
to take full advantage of the hose properties.
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TABLE 1
AVERAGE FAILURE LOADS AND ELONGATIONS, LINE AND FITTING TESTS
4
Tensile Tests Shear Tests
Test Specimen Failure L.oad Elongation | Failure Load Elongation
(Ib) (%) (1b) (%)
3/8-in. hose and 735 51 511* 57* ]
fitting 5
3/8-in. tubing and 558 1 755 13 !
fitting
5/8-in. hose and 1662 55 927* 64*
fitting
5/8-in. tubing and 1671 7 1224 15 ]
fitting
}
1-in. hose and 2471 47 1770* 53* §
fitting
1-in. tubing and 2361 5 2055 19
fitting
3/8-in. hose plus 171 58 ;
hose elbow fitting = -
5/8-in. hose plus 503 56
hose elbow fitting - s
1-in. hose plus 1150 54
hose elbow fitting = =
3/8~in. hose only 1525 - - -
5/8-in. hose only 2860 = - -

*Excludes results obtained with hose elbow fitting.

/
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Although the tensile failure loads of the flexible hose and rigid tubing were approx-
imately equal, the elongation of the hose before failure was considerably greater.
As may be seen in Table I, the elongation of the 3/8-inch hose was 50 times

greater than that of the 3/8-inch tube, while the 5/8- and 1-inch hoses exhibited
approximately a 9 to 1 advantage in extensibility over the comparable sized tubing.
Test data sluwed that an extension of only 1/8 inch pulled the smaller tubing from
the fitling, while an extension of 6-1/4 inches was necessary to pull out the smaller
hose. The flexible hose, even without extra length, thus affords a much greater
degree of protection from structural deformation during crash impact than does

the rigid tubing.

Combinations of fittings with flexible hose or with rigid tubing exhibited diff.rent
modes of failure under shear loads. The hose fittings failed in all tests with the
5/8- and 1- inch size hoses, and in approximately half of the tests with the 3/8-
inch size. The remaining 3/8-inch hose failures occurred in the AN fitting which
was ccoupled to the hose fitting. Failure of the rigid tubing combinations were all
accowmponied by failure of the tubing itself. (See Appendix IV.)

The failure loads in a shear direction were less than in a tensile mode in all cases
except the 3/8-inch tubing. The tubing assemblies failed at somewhat higher loads
than those of the hose assemblies. As was the case in the tensile tests, the failure
loads in a shear direction were much less than would be required to fail the hose
itself and considerably less than the loads required to pull the hose out of the
fitting. Therefore, the fittings must be considered the weakest link in the hose
assemblies. The nonstandard hose elbow fittings are grossly inferior to the stand-
ard AN elbows, and should not be used ip fuel-transfer systems.

The ultimate elongation of the hose assemblies was three to four times greater
than that of the comparable sized tubing assemblies. The flexible hose, therefore,
can accommodate more structural deformation during crash impact hefore rupture
occurs.

Ballistic Tests

Ballistic tests were run on the l-inch rigid tubing and flexible hose used in the
preceding tests. Both test specimens were filled with water and capped on the
ends to simulate full fuel lines at the time of ballistic impact. Both specimens
were hit with mall arms projectiles. One hit was made through the center of
each specimr

The damage  .he 1-inch aluminum tube consisted of a normal size entrance

hole and a sughtly enlarged exit hole with some outward petalling (Figure 33).
The entrance hole of the 1-inch flexible hose had a number of cut strands of the
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braided wire sheath; a large number of strands were cut as the bullet exited
(Figure 34). These strands did not progressively loosen beyond the impact area.
The synthetic inner lining allowed some closure of both the entry and exit holes.

L ealaibegr:

A test was performed to determine the leakage rate from the entrance and exit
holes of both the t::e and the hose. One end cap was removed and the test piece
was supported vertically by a test fixture. A fluid head yielding 1.3 pounds per
square inch was maintained above the holes and the leakage rate was determined.

The difference in fluid leakage of the two specimens may be seen by comparing
Figures 33 and 34; leakage rates are recorded in Table II.

TABLE /i

WATER LEAKAGE FROM BALLISTICALLY PERFORATED HOSE AND TUBING

(Pressure = 1.3 psi)

AL A D T

Lcakage (ml)

Specimen Time (sec) Entry licl2 Exit Hole Total {
1-in. flexible hose 10 125 125 250
1-in. rigid tube 10 1850 2100 3950

The leakage rate of the rigid aluminum tubing was over 10 times that of the flexible
hose, indicating that the vulnerab.lity of the tubing to ballistic demage 18 much 3
greater than that of the hose. :

Conclusions %

The use of presently available flexible hose instead of rigid aluminum tubing in
aircraft fuel lines would provide significant improvements to both the crash-
worthiness and ballistic protection of aircraft fuel systemns. Strengthening the
hose-to-fitting attachments and using stronger fittiugs would further improve the
crashworthiness of fuel-transfer systems.
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BALLISTIC IMPACT FLASH

General

In the ballistic vulnerability analysis conducted as part of the preliminary design
study, ignition of fuel vapors by ballistic impact flash was assumed to be a definite
threat to aircraft fuel systems. This assumption was based on the following obser -
vations:

1. The impact flash of fragments penetrating aluminum plates
can cause aircraft fuel fires (Reference 6).

2. Flammable fuel-air mixtures exist within all aircraft tanks
at one time or another under typical flight conditions (Ref-
erence 1),

It was also noted that, although small arms projectiles would not start fuel fires
under the test conditions imposed during fragment studies conducted by the New
Mexico Institute of Mining and Technology, no data were available concerning
impact flashes generated by small arms ballistic hits on aluminum fuel system
components. The fact that these components, especially those mounted within the
fuel tanks, might be in contact with flammable fuel-air mixtures at the time of
ballistic impact makes the acquisition of such data highly desirable. Therefore,
the primary objective of this study was to determine the ballistic impact flash
hazards of presently used fuel system materials and to suggest methods of elim-
inating these hazards.

An impact flash occurs whenever high-velocity fragments penatrate metal plates.
Previous studies (Reference 6) have shown that the size, shape, intensity, and
duration of an impact flash vary widely, depending upon the fragment size, shape,
material, velocity, and orientation, and on the target material, thickness, and
obliquity. The durations of the flashes range from = fraction of a millisecond to
geveral milliseconds.

It was also determined in these previous studies that a very thin aluminum plate
produced comparatively little flash on either side when penetrated by a fragment.
A comparatively large flash (entry side only) was produced when the plate thick-
ness approached the penetration threshold, and sizable flashes were produced on
both sides with plates of intermediate thicknesses. High-speed motion pictures,
taken in conjunction with ballistic tests on ARM=018 tank material, also showed
a sizable impact flash when a 0. 062-inch-thick aluminum facing plate (6061-T3

material) was struck by a small arms projectile.
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The mechanism of impact flash has not been definitely established. It is thought
that aluminum, upon fragment impact, breaks into many fine particles with very
clean surfaces. These particles, energized by the impact, oxidize rapidly, and
burning then proceeds as an aluminum vapor fire (Reference 2). Results from
tests conducted by the New Mexico Institute of Mining and Technology indicate that
aluminum flash temperatures are above 5000° F and may sometimes be above
9000° F.

Test Program

The scope of this study was limited to determining the relative maximum energies
of ballistic impact flashes generated by small arms projectiles striking fuel system
components. Several polymer materials were also tested to assess their suit-
ability as nonflashing substitute materials for aluminum.

The size and intensity of the flashes were recorded on high-speed infrared film.
The film exposure densities of the flashes were then determined and compared

with densities obtained from photographing several heat standards. This compar-
ison provided a rough estimate of maximum flash temperatures and durations.
Finally, ballistic tests were conducted on aluminum components surrounded by
fuel-air mixtures to determine if the ballistic impact flash could ignite a flammable
mixture.

Experimental Procedure

Photographic

Photographic time exposures were taken of impact flashes in total darkness using
an open shutter. Kodak High-Speed Infrared Film was used to record the flashes
and a Wratten F filter, number 29 (red), was used on the camera to screen out as
much visible light as possible. The camera was located 12 feet from the target
(Figure 3%). The aperture on the camera was set at £/2.9.

The infrared film was standardized by photographing a 4. 5-inch long Nichrome
heating element. Four thermocouples were evenly spaced along the elemant to
record exact temperatures, which ranged from 500 to 1165° F. These phbotographs
were also taken from a distance of 12 feet using an aperture of £/2.9 and a shutter
speed of 1/150 second. Thus, except for the exposure time, identical conditions
existed for both the heat standard and the impact flash photography. Film-
developing conditions were also held constant; each roll was developed in fresh
solutions and at the same temperatures for 11 minutes.

The densities of the exposed infrared films were read on a Macbeth TD-102 dii-
fusion densitometer, which has a density accuracy of 0.02. At the fast shutter
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Figure 35. Ballistic Test Arrangement.
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speeds used, the lowest temperature that could be read on the heat standard
negatives was 872° F. Data obtained from the standards are presented in Figure
36. The correlation between temperature and density is readily apparent. The
width of the envelope containing all the data points is an indication of the error to
be expected in this correlation. At higher temperatures and densities this error
is approximately 70° F, or about 6 percent.

Ballistic

The ballistic tests were conducted using small arms ammunition. Velocities were
measured using a counter chronograph with a 5-foot spacing between the chrono-
graph grids. Test samples were mounted at an obliquity angle of zero degrees to
the path of the bullet. The distance between the sample and the gun muzzle was

30 feet (see Figure 35).

Test Specimens

The test specimens and their thicknesses are listed in Table III. All specimens
were in sheet form except the cast aluminum (Figure 37), which consisted of a
valve housing such as commonly found in aircraft. Care was exercised to be sure
that the bullet passed only through the flat flange of the cast housing. The steel
and magnesium samples were tested for comparative purposes only.

Results and Conclusions

No impact flashes were recorded with any of the polymer materials. However,
several of these materials are not considered satisfactory substitutes for metals
because of their brittleness. Figure 38 shows the physical appearance of these
specimens after ballistic penetration, along with the 6061-T6 specimen for compar-
ison. The nylon and polyvinyl chloride (PVC) samples exhibited severe spalling
and cracking around the exit side of the bullet hole. This condition is particularly
noticeable with the nylon, where a hit 1 inch from the edge of the sample knocked
out a triangular piece of nylon approximately 2 inches long. It shouldbe noted that
the hole in the urethane is almost completely closed.

Infrared photographs of the ballistic impact flashes obtained from the metal speci-
mens are shown in Figures 39 and 42. The impact flash of the steel sample is
very small compared to that of the magnesium. Very hot fragments of steel are
responsible for the streaks of light shown in Figure 39 but no streaks are visible
in the magnesium flash (Figure 40), indicating that the entire flash is caused by
vapor fire; the aluminum flashes exhibit both characteristics. The photograph of
the 6061-T6 aluminum (Figure 41) shows the presence of more hot metal fragments
than does that of the cast aluminum (Figure 42). The most significant aspect of
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Figure 37. Cast Aluminum Valve Housing Used in Ballistic Tests,
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Figure 39. Infrared Photograph, Ballistic Impact Flash of Steel.
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TABLE Il

TEST SPECIMENS USED FOR BALLISTIC FLASH TESTS

Material Thickness (inches)
Magnesium 0.390
Steel 0.100
Wrought alumirum (6061 -T6) 0.125
Cast aluminum 0.250
P-910 urethane elastomer 0.280
Linear polyethylene 0.375
Type 1 polyvinyl chloride 0.3%5
Nylon 6 0.375
Glass-filled polyester (40% glass) 0.375

the aluminum flashes is the large vapor fire present in both samples. These fires
are high-energy sources and are a much greater threat to fuel ignition than the
small hot fragments thrown off at impact.

The relative sizes and intensities of the impact flashes are given in Table IV. The
shapes of the flashes from magnesium and 6061-T6 aluminum are nearly circular.
For comparative purposes, the circumference of the flash was defined so that the
area enclosed within the circle had a minimum density of 2.00. Unfortunately,
much of the impact flash from the cast aluminum was obscured by the shape of the
casting. However, the assumption was not made that the basic shape of the flash
would be different from the others and, therefore, a minimum diameter was deter-
mined that intentionally excluded some of the high-energy flash extending beyond
both sides of the casting.

The density of the photographic negative is directly related to the logarithm of the
film exposure. The exposure is a function of both the time and intensity radiation,
and thus a measure of the energy reaching the film per nnit area. Combining the
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TABLE IV

RELATIVE SIZES AND INTENSITIES OF BALLISTIC IMPACT FLASHES

Sample Diameter of Flask* (inches) Maximum Density
Magnesium 8 2.55
6061-T6 4 2.45
Cast Aluminum 4.5 2.49

*Minimum density of 2. 00 defines diameter.

density with the exposed area gives a measure of the total energy released during
the flash. The diameters of the flashes listed in Table IV yield relative energy
ratios for magnesium, 6061-T6, and cast aluminum of 1. 00 to 0.25 to 0. 32,
respectively. These ratios are actually somewhat high because the differences in
maximum density were not considered. The energy released by the ballistic im-
pact flash from the cast aluminum is approximately 25 percent higher than that
from the 6061-T6.

Due to the limited scope of this study, no measurements were obtained of the flash
durations. Using an estimated spark duration of 0.3 millisecond (obtained from
high-speed motion pictures of ballistic tests), the temperatures of the flashes were
calculated from the maximum flash density. The temperature corresponding to
the flash density was obtained from the heat standard graph shown in Figure 36.
This temperature was then multiplied by six to equate the exposure times of the
standard and the flashes. The temperature thus calculated for the magnesium
flash is 7710° F, compared to a theoretical flame temperature of pure magnesium
of 8760° F (Reference 5). Therefore, though there is some discrepancy in the
temperature, the flash duration can safely be estimated at between 0.2 and 0.4
millisecond. The temperatures of the aluminum flashes, again using an estimated
flash time of 0.3 millisecond, were calculated at 7560° F for the cast aluminum and
7500° F for the 6061-T6. These temperatures are only approximate because the
flash duration is unknown and might not be the same for both samples. However,
even if the flash duration were twice that estimated, the calculated temperature
would be approximately 4100° F, which is hot enough to ignite combustible fuel-air
mixtures.
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The ignition of fuel vapors depends on the total amount of energy available from the
ignition source and the rate at which this energy is supplied. Although the cal-
culated temperatures of the aluminum impact flashes are hot enough to ignite
flammable vapors (the autoignition temperature of JP-4 aircraft fuel is about475°F;
see Reference 1), the flash duration is also of critical importance. Therefore,
ballistic tests were conducted on both wrought (6061-T6) and cast (356) aluminum
alloys surrounded by fuel-air mixtures to determine if fuel vapor ignition could
occur from the ballistic impact flashes of these metals.

Sheet 6061-T6 (0.125-inch thick) and two cast aluminum components (0.250-inch
thick) were suspended in separate 5-gallon cans containing 1 pint of JP-4 fuel.
The lids were replaced on the cans but they were not tightly sealed. The cans
were then allowed to stand at a temperature of approximately 80° F for various
time intervals before small arms projectiles were fired into them. The distance
between the gun muzzle and the targets was approximately 40 yards.

Ballistic hits on the 6061-T6 sheet after standing times of 4, 9, 13, 17, 25, and 33
minutes failed to ignite the fuel vapors. A hit on a cast aluminum tank interconnect
(after a standing time of 16 minutes) knocked the can over and produced smoke, but
no flames were seen. This component shattered when struck, as seen in Figure
43. A hit on a cast aluminum filler neck after a standing time of 10 minutes pro-
duced fuel vapor ignition. Flames, seen issuing from the fragment holes in the
back of the can, extended a distance of approximately 10 to 12 inches. The com-
ponent and the 5-gallon can in which it was suspended are shown in Figure 44,

The reasons for the difference in behavior of the wrought and cast aluminum alloys
are unknown. Considerable fragmentation occurred from the ballistic hit on the
cast aluminum (Figure 44), although the casting did not shatter. The fragmenta-
tion from the 6061-T6 alloy was negligible in comparison, and no fragment
penetration of the can occurred. The difference in the ballistic damage to the two
alloys may be seen in Figure 45, which shows the bullet exit holes. The 6061-T6
alloy had peeled back from the exit, and a large portion of the metal in the path

of the projectile remained attached to the sheet. In contrast, the exit hole in the
casting was sharp and none of the metal in the bullet path remained. It is possible
that the more brittle casting breaks into many small fragments that can oxidize
~eadily because of their increased surface area, thus creating a more energetic
impact flash than can be obtained from the 6061-T6 alloy.

Much more information is needed in this area. Whether the greater energy of the
casting flash is caused by the size of the flash or by its duration is unanswerable
from the small amount of data available from this study. Another question is
whether this energy difference is a universal difference between all cast and
wrought aluminum alloys, or if the difference depends on the type of alloys and their
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Figure 43, Cast Aluminum Fuel Cell Interconnect After Being Struck
by a Small Arms Projectile.
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Figure 44, Cast Aluminum Component and Container After a Small Arms
Ballistic Hit.
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Figure 45, Cast Aluminum Component and 6061-T6 Aluminum Sheet
After Ballistic Penetration by Small Arms Projectiles.

79

FOR OFFICIAL USE ONLY




FOR OFFICIAL USE ONLY

thicknesses. One aspect that seems clear is that a minimum amount of energy
must be released by a ballistic impact flash to ignite fuel-air mixtures, and that
this energy threshold lies somewhere between the energies contained in the impact
flashes of the two aluminum samples tested.

Disregarding these unanswered questions, this study has proved that the impact
flash obtained from small arms hits on cast aluminum fuel system components can
definitely ignite surrounding fuel vapors. This hazard must be considered in fuel
system designs. The substitution of nonflashing materials is one way to eliminate
the hazard; this approach is discussed in the section devoted to improved ballistic
protection.
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PART IV

PRELIMINARY DESIG .U DIFICATIONS

FUEL CELL ATTACHMENTS

The use of improved fuel cell materials permits large volumetric rearrangeinent
of the fuel cell during crash-induced displacements with little probability of leak -
age but, to take full advantage of this feature, certain considerations must be

taken into account. The general shape of the cell must be free from all protrusions
that might snag on adjacent structure as the cell deforms. This subject is covered
in detail in the crash vulnerability section. The attachments to the structure used
to support the fuel cell and the internal cell components (fuel pump, quantity in-
dicators, etc.) should only be strong cnough to provide the support needed for
normal flight loads and service condition, but not strong enough to contribute to
fuel cell failure caused by crash-induced displacement loads. No passageways of
fluid to the cell (transfer and supply line connections, filler ports, drains, vents,
or return lines) should be connected to the adjacent structure in any manner that
would res<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>