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DETERMINATION OF INERTTA LOADS
WEICE THE FUEL CELIS IN THE FUSELAGE
OF THE COMET MODZL 4 AIRPLANE
MAY BE CAPABLE OF WITHSTANDING
WITHOUT RUPTURE DURING CRASH CONDITIONS

STMMARY

In this report an epalysis is presented glving the inertie loads
vhich the flexible, nommetallic type of fuel cells In the fuselage of the
Comet Model L airplane might reasonably be expected to withstend in & crash
vithout rupture, Comments also are presented on the close proximity of the
cells to the bottom fuselage skin and on the necessity for using proper
fittings and accessories with the cells as these factors may affect the
over-all crash-fire protectlon efforded by the tank instellatiom.

INTRODUCTION

During the meeting of the Preliminary Type Certification Board
on the Comet Model 4 airplame at Hatfield, England, August 20 to 22, 1956,
it was suggested by the powerplant representative of the Civil Aeronautics
Adminisiration that The DeHavilland Aircraft Company, Ltd., give comsider-
ation to the installation of fuel tanks in the fuselage which could comply
with an sirworthiness regulation then being proposed by CAA for inclusion
in Part 4% of the Civil Air Regulations. The propossl with supporting
discussion follows:

Fuel Tank Construction

4b.420 Fuel System Construction and Instellation (General)

Sypecific Proposael.

Add 4b.420 (£) to remd, "Puel tanks located within the fuselage
contour shall be capable of resisting rupture and retaining the
fuel in a crash condition producing a 35 G fuel loading on the
tank contents in the direction of the maximum fuel hesd; 1n addi-
tion, these tanks shall be located in a protected position so that
exposure of the tank to scraping action with the ground will be
unlikely,”



Supporting Diecuseion,

The intent of this propcsal is to provide a means of carrying fuel in
the fuselage area wilh a reasonable level of safety. Fuel carried in
this area in convenlional fuel tanks i1s hazardous to the passengers
apd crew of aircraft if the airecraft experiences an accident or forced
landing. Tuel from 2 ruptured terk in this aree can spread quickly
to all portions of the fuselage, and if ignited it may cause great
loss of life in an otherwise survivable accident, This proposal ls
offered as a means by which fuel can be cerried in this area in lieu
of a previous proposal to forbid any fuel in the fuselage.

In responce to CAA's suggestion, DeHavilland subsequently submit-
ted drawings on the fuel~tank installetion to the Office of Flight Opera-
tions and Airworthiness, That office forwarded the data to the Technical
Development Center (TDC) of CAA for anelysis, Samples of two fuel-cell
materials preposed for use in the airplane by DeHavilland were submitted
for testing on TDC's compressed-air gun.

In submitting the date and samples of fuel-cell materaals to TDC
for testing on the compressed-air gun, the Office of Flight Operations and
Airvorthiness requested that if the fuel cells did not comply with the 35 G
Inertie loading specified in the proposed regulatiom, calculations be made
to show the ipertia loeding with which they would comply.

The techniques used in the amalysis are those derived from the
results of previous work on the development of crash-resistant fuel tanks
for aircraft,l:a.r?’:""

lrechnical Development Center paper, "Crash-Resistant Fuel Tanks
for Fuselages of Aircraft,” dated August 8, 1956.

2Minutes of the Crash-Resistant Fuel Tank Conference, Technical
Development Center, Indianapolis, Indiana, June 5 and 6, 1956.

3rechnical Development Center paper, "Development of Crash-
Resistant Fuel Tanks for Wings of Aircraft,” dated July 31, 1956,

45ichara N. Motsinger, Melvin F, Miller, and Robert J. Schroers,
"Some FPhysical Properties of a Number of Proposed Constructions of Mater-
lals for Nommetallic Crash-Resistant Alrcreft Fuel Tanks,” CAA Technical
Development Report No. 220, December 1953.



3
ANALYSTS

Meterial Strength Requirements.

A schematic sketch of the bladder-cell arrengement for the Comet
Model bk aircrarft is shown in Fig. 1. This tank consists of four inter-
connected cells posiltioned in the lower fuselege section between the wing
spars, Individusl cells of this tank are swrrounded by structure of
appreciable strength. Because of this structural strengih, each cell has
been considered separately for ihe application of the "one-third rule,"?
Sketches of the indivadusl celle, with dimensioms scaled from DeHavillend
drewings, are shown in Flgs, 2, 3, &, and 5.

All cells are interconnecied in the longitudinal direction of the
airplene, In this analysis, therefore, the fuecl head 18 the resultant
diasgonsl head of all cells located to the rear of ihe cell under consider-
ation, (See Fig. 1l.)

The assumed structural openings, based on the one-third rule, are
ghown in Figs. 2, 3, 4, and 5 for ihe four cells, Because all work at TDC
on the burst-testing of fuel-cell material samples to cbtain data far the
design of crash-resistaat fuel cells in accordance with the one-third rule
haes been confined to rectangular shapes, certein compromlses have been
necessary to the extent that some papnels of the fuel cells have been
considered to be rectangles even though the actusl aress are not of this
exacl shepe.

The effect of structural-opening size and shape on the maximum
allowable burst pressure of fuel-cell materials of lknown tensile strength
is shown in Fig, 6. The size and shape of the structursl opening is de-
fined by the ratio D/A; where D is the diagonal length of the rectangular
area of unsupported fuel-cell material, in inches, and 4 18 the ares of
the same unsupported fuel-cell material, in square inches.®

The results of calculetions made to determine the fuel-cell
material strength required to withstend the fuel pressures resulting from
a 35 G loading are shown in Table I. The cealculations are based on a fuel

JThe one-third rule is defined es meaning one~third of the totel
dimension of the particular fuel-cell panel in question,

E5ee Technical Development Center paper, "Crash-Resistent Fuel
Tanks for Fuselages of Aircraft,” dated August 8, 1956. It should be noted
that Fig. 6 of this report has been revised somewhat from Fig. 3 of that
paper.
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density of 43 pounds per cubic foot, Sample calculations showing the
determination of the required tensile strength for fuel cell No. 1 are
presented after Table I,

TABIE I

REQUIRED TENSILE STRENGTF OF MATERIAL IN
FIEL CELLS FCR A LOAD FACTCR OF 35

Cell Critical D/A Reguired Tensile
No. trengih¥*
{(1/1nches) (pounds per inch
of wadth)®¥
1 0.0765 900
2 0.077 770
3 0,070 680
Y 0.0815 490

¥See discussion under "Design Safety Factor."
*rTengi.z atrength as debtermined by burst tests
onn corpscesed ~olr g,

Sampie Calculations for Fuel Cell No. 1.

The crosshaiched areas shown in Fig. 2 are the assumed areas of
failure of the structure swrrounding fael cell No, 1. The smaller dimen-
g810ons of these arecas are based on the one-~third ;ule., Areas of three panels
are involved; nemely, areas A, B, and C. The ratio D/A is determined for
each of the crosshatched areas, also called "design areas.” The D/A
values of each of these design areas are shown in Fig., 2. The meximum
hydrostatic pressure in fuel cell No. 1 resulting from a leoading of 35 G
is determined as follows:

Tydrostatic pressure (in pounds per square inch) =

meximum fuel head (in feeb) x fuel pressure per foot

o® head per unit loed factor (in pounds per square inch) x

load factor (1)

Where
Mexamum fuel head for fuel cell No, 1 = 187,2 inches (see Fig, 1).

Fuel density = 43 pounds per cubic foot,
Load factor = 35,
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Substituting these values in Equation (1) yields the following:

Maximum hydrostatic pressure = 167.2 y _ 43 4 35 = 163 pounds per square
12 12 x 12 inch.

With the design values of D/A kncvm, and with a hydrostatic pressure of

183 pounds per square inch, values of tensile strength of fuel-cell material
are obtained from Fig. 6. CF the three design arees, the maximm tensile
stretngth of 000 pounds per 1uch of width 18 coblained for area C which has a
D/A valae of 0,0765, Thils value of tensile strength is considered to be the
required tensile strength for the meteriel xn fuel cell No, 1,

BURST TESTS

Compressed -air gua burst tests were conducted on samples of
Marlite MM 263/C and Flexelite 66/20/25/C ma‘erials, Both of these fuel-
cell materials have been proposed for use in the Comet Model 4 azirplene,
The load-elongation data for these materiale are shown in Figs. 7 and 8.
The resulss of these tests indicate a tensile strength of 160 pounds per
1nch of vidth for the Marlrte material and 53 pounds per inch of width for
the Flexelive material, IL should be pointed out that these valnes are
based on the resulie of two tests only, end they meay not be completely
reliable, Experience shows that a minimum of five tests generally 1s
necessaxry to establish relicble strength values,

Allowable Inmertia Loading of Fuel Cells,

Baged on the burst-test results, the inertia loadings which the
fuel-cell materials are capable of withatanding without rupvure when used
11 the four cells are shown in Table II. Because the allowaeble loading of
a cell of any given size and shape 1s directly proportional to tenaile
< rength of the fuel-cell material, the results shown in Table II were
delermined as follows:

- Available Materiasl Strength
Required Material Strength for a Load Factor of 35

x 35

Allowable load factor

The allowable load factors given in Table II are based on an
epount of failure of the structure surrounding the fuel cells correspond-
ing to the one-third rule. This rule, described in TDC paper, “"Crash-
Resistant Fuel Tanks for Fusclages of Alrcraft,” dated August 8, 1956,
originally was derived from exemination of simulated wing structures which
in impact tests had experienced irertia loeding in the order of 35 G, For
*nertia loading less than 35 G, it 18 reasoneble *o expect that the amount
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of failure of the surrounding structure often may be less then that
prescribed by the one-third rule. For this reason, therefore, the celle
actually may be capable in some instances of surviving loadings consider-
ably higher than thosc given an Teble II. Also, in gome crashes it is
probable that the structure itself, without benefit of the fuel cells,
may afford protection which surpasses come of the loadings glven in the
table,

TABLE II

ALTOWARLE LCAD FACTOR ¥CR
MARL.ITE, AND FLEXEL[TDC MATERIALS

Cell Allowable Load Factor#*
No. Marlite Flexelite
M 263/c 66/20/25/c
1 5,2 2.05
2 7.3 2.4
3 8,2 2.7
ll- 4L \.95 3w8

*See discussion under "Desigzn Safety Factor,"

The amount of 8 ructural failure In actusl crashes 13 not always
directly proporticoal to loaed Cfactor experzenced in the crash. This is
particularly irue of fuszlages. Expe—ience zhows that severe damage often
may be done ito lower fusclage structurs by ripping and iearing action with
the ground, accompenied by severe demsge to the adjoining higher structure,
even though load factors may be extremely low, Yor this reascn it is con-
gi1dered unwise to allow any eppreciable reducticon in arsa of wmsupported
bladder-cell materizl below that prescribed by the one-third rule.
Actuslly, the one-third rule i1s merely a means of estimating an emount of
damage 1o the supvorting structure which 18 reasonable but adequate for
fuel-cell design purposes.

Although the alloweble load factors given in Teble IT may be
unduly low for some types of crash conditions, they are considered to
represent the upper limit of what the cells can withstand without rupture
in thosz types of crashes 1in which appreclable damage to the surrounding
ptructurae occuras.
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TANK LOCATION

Fuel tenks in the lower fuselage which might be considered to be
"protected," as specified In the CAA proposal, sbould be located high
enough above the bottom fuselage skin so that 1t is unlikely thet they will
be exposed to scraping action with the ground. How high this should be
probebly varies scmewbal from one mircreft design to enother, An evalua-
tion of each particular design should be couducted end tne tanks should be
located eccordingly, In any case the bottom smrface of the tanks should
be located well above the lower flange of the wing's front spar, the
higher the better, This 1s substantiated by the work of the National
Advisory Commitiee for Aeromsutics (NACA).7

It appears that the close proximity of the cells to the lower
surface of the fuselage in the Comet Model L eirplape might expose the
cells to scraping aclicn with the groumd curing crash conditions. Al-
though specific figwees on tank location cannot be recommended at this time,
1t appears that the tank ins+allation does not comply with the intent of
the CAA proposal with respect to tamk location.

FITTINGS AND ACCESSORIES

Although stronger fuel cells undoubtedly will afford greater
Protection than weeker cnes under certain conditions, in order to furnish
maximm protection against crash fires, crash-resistent fuel cells should
be equipped with fittings and accessories whieh will not tear them or
otherwise detract from their crash-resistence. In crashes, forces
exist vhich tend to move the cells in any direction relative to each
other, The amount of shifting and resulting tearing of the cells by the
fittings probably is proporticnal to the severity of crash Impact. On
the other hand, instences are known in which fittings have torn the cells
in even relatively minor crashes, resulting in subsequent fire and loss of
part or all of the alrcraft.

Each of the fuel cells in the fuselage of the Comet Model k4 air-
Plane is surrounded and supported by structure which appears to be
uausuelly rugged. Undoubtedly this, ss well as the over-all general
arrangement of the cells, wall do much to help increase the level of
eragh-fire protection efforded by the tank imstalletlion. It must be
emphasized, however, that without proper fittings and accessories the
level of safety afforded by the cells 1s most unpredictable,

T"NACA Corference on Airplane Crash-Impact Loads, Crash Injuries
gnd Principles of Seat Design for Crash Worthlness," NACA Report, Levis
Flight Propulsion Laboretory, Cleveland, Chio, April 17, 1956,
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DESIGN SAFETY FACTCR

Studies end tests are being conducted to establish a gafety factor
for the design of flexible, nonmetallic-type fuel tanks, These studies
indicate that this factor may be as low as 1,45 or es high as 1.75. This
158 & multiplying fector of safety. A sefety factor increment of 0,45 is
necessary to cover possible variations in the strength of fuel-cell mater-
lals due to variations in strength of the basic febrie, tank manufacturing
tolerancea, aging, and exposure to fuel, It is estimated that loss of
gtrengih and/or energy-absorbing properties under extreme conditione of
temperature and humidity may require an additional sefety factor increment
of a8 much as 0.30, This would raise the total multiplying facior to l.T75.
Teats are being conducted to determine whether the additional factor of
0,30, in fact, does conatitute reesonable compensation for the effecta of
extreme temperature apnd humidity.

The values of material strength glven in Table I should be multl-
plied by a safety factor to assure adequate resistance to rupture under
35 G loading conditions., Likewise, the loadings in Table II should be
divided by a safety factor to derive final alloweble load factors for the
cells.

CORCLUSIONS

The resulte of en analysis of the fuel-cell arrangement, study
of the surrounding structure, end the results of tests on materials pro-
posed for fuel-cell construction for the Comet Model 4 ailrplzme may be
sgumarized as follows:

1. Tuel-cell deslgn procedures employing the concepts of the ope-third
rule indicate that the cells fabricated of either Marlite MM 263/C or
Flexzelite 66/20/25/C materials will rupture under an inertie loeding of
miech less than 35 G,

2, The fuel c¢ells appear to be surrounded by strong structwre, a
factor which should do much to help prevent their exposure to scraping
actlon with the ground during crash conditions., The fuel-tenk installationm,
“ecause of 1ts close proximity to bottom fuselage structure, is not consid-
ered to comply with the intent of the proposed CAA regulation with regard
to location in e "protected position.™

3. The generel arrangement of the cells, as well as the strong struc-
ture surrounding them, should help to increese the level of cresh-fire
protectlon efforded by the tenk installation. Without proper fittings and
accessories, however, the level of safety 1s most unpredictable,
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