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Current arships dl employ the pressure envelope design principle Thus the
envelope must be congdered as a main dructurd dement of the arship. This
paper will provide information on the desgn reguirements of arship
envdopes and materids from a desgne’s point of view and materid
devdopment and qudification information from a manufecturer's point of
view. Fndly specid condderation is given to materid tear resstance and test

results are presented in detail.

| ntroduction

For nontrigid and semi-rigid arships, the
envdope is one of the mgor dructurd
dements. It is, therefore, required that
this pat of an arship desarves specid
atention. Materids, desgn and
workmanship mugt be of the highest
gandard possible.

Additiondly, materid peformance and
overdl cos need condderaion.  Since
these reguirements are in some aspects
contradictory, the challenge is to find the
best compromise.

SECTION 1 - Envelope Specification

Photo 1 — Zeppelin LZ NO7

At the beginning of deveopment, it is necessary to specify dl requirements.  Form, Fit and
Function require dealed invedigation and andyss to provide the bass for the materids
specification.  Additiondly, arworthiness regulations must be conddered, as these will

provide a guiddine for the designer.

The FAA - ADC (Airship Design Criteria) or the German LFLS (Lufttlichtigkeitsforderungen
fur Luftschiffe) are very amilar and provide the minimum reguirements for non-rigid and

semi-rigid arships.

The following is a lig of rdevant paragraphs taken from the LFLS, which specificaly need to
be addressed when establishing the means of compliance for the arship envelope.



§601 General
The suitability of each questionable design detal and part having an important bearing on sfety must be established by tests.

§603  Materials and workmanship
(@ The suitability and durability of materials used for parts, the failure of which could adversdly affect sefety must.....
(b) Workmanship must be of a high standard.

§605  Fabrication methods

(@) The methods of fabrication used must produce a consigently sound structure. If a fabrication process reguires dose cortrol to reach this
objedive, the process must be performed in accordance with an gpproved pracess pedi fi cation.

(b) Each new aradt fabrication method must be substantiated by atest progam

8609  Protection of Sructure

Each pat of the airship must
(a) Be suitably protected against deterioration or loss of strength in service due to weathering, corrosion, aorasion, or other causes;
(b) Have adequate provisons for ventilation and drainage:

§613  Material grength properties and design values

(@ Materid srength properties must be based on enough tests of materid meeting speci ficetions to establish design values on asdidica basis.
§627  Fatigue strength
The structure must be designed, as far as practicable, to avoid points of stress concentration where varigble stresses above the fatigue limit are
likely to occur in norma savice

§831  Enveopedesign

(@) The envelope must be designed to be pressurized ........ while supporting the limit design loads for dl flight conditions and ground
conditions...... The effects of dl local aerodynamic pressures ...... must be included in the determination of stressesto arrive at the limit-strength
requirements for the envdope fdric.

(b) The envelope fabric must have an ultimate strength not less than four times the limit load determined by the maximum design internd
pressure combined with the maximum load resulting from any of the requirements spedi fied herein.

(d) It must be demonstrated by test in accordance with the sedtion Teering Strenatth of the appendix thet the envelope febric (in both the warp
and woof (fill) directions) can withstand limit design loads without further tearing.

(h) Interndl and/or externa sugpension systems for supporting components such as the car must be designed to tranamit and distributethe
resulting loads to the envelope in a uniform mamer for dl flight conditions. The fabric parts of such systems and their connection with the enve
lope must be designed and condructed in such amanner that the bond are not subjected to peeling loads. ......

SECTION 2 - Compliance Aspects

The following paragrgphs will address each rdevant paragraph and explan the rdationship
between the design aspects and the means of compliance.

Suitability of Materids (8 603)

For the Zeppdin LZ NO7 (Photo 1) a laminate of polyester basecloth and poly-vinyl fluoride
(PVF or Tedlard) film was sdected for the main hull materid (Photo 2). ILC had higtorica
ckta avalable from sgmilar laminates used on large aerostats, which had been operationd for

many years. . 1H |1 ‘ _‘i

This daa and experience helped to
reduce the risk during cetification and
minimized the €fots to show
compliance with the requirement of
ditebility  and  durability. Full
qudification tesing was peformed on
the new LZ NO7 and was compared
with avalable data from ILC's aerostat
meaterial.

In the same manner, the bdloneat
material was sdected as a flexible
coaed nylon fabric (Photo 3). Due to
the movement of the balonet curtain
within the envdope it was necessary to develop a lightweight materid which provided high

Photo 2 - LZ NO7 Envelope



flexibility without leskage. Agan ILC used extendve higoricad data from aerogtat balonet
meaterid to define the new LZNO7 materid.

Photo 3 - Upper forward balonet ingdled in frame

Protection of structure (8609)

The outer cover of PVF film serves as an excdlent environmental barrier to protect the
gructurd member, here the load carying polyeser fabric, as required by 8609.
Environmentd tests to verify behavior were caried out and the data andyzed. Since, as in
many other tegts, there is no specific passfail criteria available, only comparison to materids
in ue in Imilar products could be made. Additiond data will be andyzed usng the standard
practice of checking “in savice® materid, dather by inddling a weaher paich or teding
removed envelope materid.

Materid strength properties and design vaues (8 613)

The materid condruction needs to be desgned to fulfill the specified maerid dSrength
requirements. Materid drength is directly related to the sdection of the base fabric. Strength
data for various types of fabrics is readily available. However, snce materid performance and
cost needed to remain within defined limits, a series of qudification tests were necessary to
collect a representative data base from which both compliance and economic judtification
could be verified. To gan confidence in the sdected materid srength, dl the requirements of
8§ 613 need to be consdered. Enough materid samples need to be tested to edtablish
datidicdly sound design data The reason for this requirement is to minimize the probability
of any dructurd falures due to materid variability. Daa for the LZNO7 envelope was
obtained and andyzed from severd lots of production meterid.

Fabrication method § 605

The processes used in arship envelope fabrication must be properly defined to guarantee an
arship envdope of consgently high qudity. The drength of the arship enveope is
dependent not only on the srength of the materid but on the design and drength of its seams
and accessories, as well as the procedures for fabrication, acceptance, packing and find
asembly. ILC's experience as a Lighter Than Air (LTA) enveope supplier and its 1ISO 9000
quaity assurance (QA) system provided a good bass for esablishing al appropricte QA
System functions during arship envelope production.




New design details must be established by test § 601

In addition to “dandard” arship desgn fedures the Zeppdin LZ NO7 incorporaied many
new desgn features such as the integration of a rigid dructure within a pressurized hull
(Photo 4). Additiondly, many unique subassembly feetures are incorporated within an arship
hull and each needs specid qudificaion testing. Table 1 shows a patid lig of design ddalls
that were tested during the qudification of LZNO7.

Subassy
Bdlonet Attachment Aft Endcap Attachment
Tie Tab and Cord Tab Access Port ingtallation
Longeron Lacing to Hull Hull Sleeve assy
Small V-Patch Doubler Ingdlation
Tie Patch on Bdlonet materiad Bdlonet Catenary
Loop Tape Bdlonet Kevlar Grommet with Sleeve Ingdlation
Clear Vinyl Maerid Bdlonet Kevlar Grommet
Longeron Lacing to Hull Pressure Sense Bulkhead Attachment
Manline Patch Grommet Insert with Flexible Passthrough
Pressure Sensor Assy attachment Hull Grommet Ingtalation

Table 1- Ligt of Design Details

Landing Gear
Sleeve

Helium Filling
Port

Access Port

Photo 43 - Example of Design Details

Workmanship must be of high standard (8 603)

The manufecturing of an arship envelope requires a high degree of craftsmanship. Therefore
it is necessxy to insure that the production team is properly traned and adequate test and
ingpection methods are utilized. This is accomplished by establishing a st of manufacturing
procedures, which defines a controlled, repeatable process. Quality assurance is provided to
document and control these established manufacturing processes.

Envelope design (8 881)
Spoecifying the anticipated loads on the envedope is mandatory. To propely define limit load
(the maximum load the envelope will seein operation) the following must be consdered:

- Satic loads resulting from the overpressure of the lifting gas.
- Dynamic loads under dl operationd conditions (including aerodynamic loads).



- Addtiond sysem loads (induding locd loads introduced by means of paiches and
accessories).

Due to the rigid gtructure of the LZ NO7 the load on the envelope is vary evenly digtributed.
Aress of dress concentration are minimized as the main dements of the car, fins engines, and
at whed ae dl interconnected by the internal dructure.  There are no large suspension
sysem loads or other festures, which directly load the envelope. Because of this, drength
requirements for the LZNO7 hull materid are primarily driven by the internd pressure of the

lifting gas.

Specid factor of safety for envelope materids § 881(b)

The current airworthiness requirement, 8 881, requires a safety factor of 4 on enveope
materids. This is to provide equivdent safety to that required for rigid dructures where a
faigue evdudion for mgor parts must be demondrated Fatigue andlyss on flexible envelope
materid is generdly not practiced as on rigid sructures. This lack of hard data and andytical
methods requires other means of compliance resulting in a higher safety factor (based upon
higtorical experience). Also it must be consdered that materid degradation is a function of load
cydes and environmenta exposure.

Tearing strength § 881(d)
In the same way that rigid arframe parts need to be andyzed for cracking and crack

propagation, the arship envelope needs to be andyzed for tear and tear propagation.

Today’s practice is to follow the Cut Sit Test Method according MIL-C-21189 which will be
described in detal  laer.  Unfortunady, andyticd methods like those utilized on rigid
components are not reedily avalable for fabrics. Fabric tear and tear propagation behavior is
dill a farly unexplored fiedld. For this reason it was decided not only to collect the daa
required for compliance by the LBA but dso to conduct additiond testing in an effort to rdate
lab test data to red warld enveope peformance and increese our knowledge of tear
propagation. In the next sections both the standard and the additiond tet methods and data
will be described.

SECTION 3 - Material Development and Qualification

The above-mentioned specification on envelope materid and cetification requirements helps
define the maerid development and qudification process. However, different requirements
including performance, cod, rik, and savice life have to be conddered. Therefore the
materia becomes a delicate ba ance between often competing demands such as:

- Highest tensle strength vs. lowest possible mass
- Maximum tear strength vs. maximum adhesion

- Maximum materid life vs. ease of field repar

- Minimum price vs. everything.

To stisfy dl thee demands, extensve development work and testing must be accomplished.
Table 2 provides a patid tet marix of required tesing for arship qudification. When
multiplied times severd materids (hull, bdlonet), severd test directions (warpfill/bias),
sverd environmentd regimes (hot, cold, humid, high UV) the amount of tegting for
qudification of an arship materid becomes daunting.



TEST

TEST METHOD

Weight FED-STD-191 TM5041
Bow and Skewness ASTM D 3882

Surface Finish — Interior Visud I nspection

Surface Finish - Exterior Visua Ingpection

Weater Release - Exterior

FED-STD-191 TM5504

Blocking at Elevated Temperature FED-STD-191 TM5872
Surface Polymer Characterization Infrared Spectrophotometry
Tensle Modulus ASTM D 751

Breaking Strength/Elongation - Strip Method Ultimate Tensile

FED-STD-191 TM5102

Breaking Strength/Elongation - Strip Method, Ultimate Tensile
after Weather Exposure (QUV Chamber)

FED-STD-191 TM5102

Seam Tensle Strength - Heet Sed

FED-STD-191 TM5102

Seam Tensile Strength at Elevated Temperature FED-STD-191 TM5102
Heat Sed
Base Cloth Bresking Strength - Ravel Strip Method Ultimate FED-STD-191 TM5104

Tendle

Creep/Hysteresis Evaluation

Vendor Test Method

Tear Strength - Cut Slit

MIL-C-21189 Paal0.2.4
FAA P-8110-2, Appendix A

Tear Strength -Tongue FED-STD-191 TM5134
Coating Adhesion -Heat Sedl Seam, Back/Structural Tape FED-STD-191 TM5970
Coating Adhesion - Heat Seal Seam, Cover Tape FED-STD-191  TM5970
Coating Adheson - Cement FED-STD-191  TM5970
Film Ply Bond Adhesion (Dry) FED-STD-191 TM5970
FiIm Ply Bond Adhesion (Elevated Humidity) FED-STD-191  TM5970
Seam Deadload - Elevated Temp (Underwater) Heat Sed Vendor Test Method

Seam Deadload - Elevated Temp (Hot Air) Heat Sed

Vendor Test Method

Seam Deadload -Elevated Temp (Underwater) Cement

Vendor Test Method

Seam Deadload - Elevated Temp (Hot Air) Cement

Vendor Test Method

Cylinder Deadload - Elevated Temp (Underwater)

Vendor Test Method

Inflated Cylinder Flex Tegting

Vendor Test Method

Low Temp Fex

ASTM D 2136

Helium Permeshility

ASTM D 1434 or Vendor Test Method

Helium Permeghility after Weather Exposure (QUV Chamber)

ASTM D 1434 or Vendor Test Method

Seam Helium Permeability

ASTM D 1434 or Vendor Test Method

Table 2 —Sample Test Matrix for Airship Hull Materia




As previoudy discussed one criticd parameter for arship enveope materid is its ability to
ress tearing after it has been damaged. As this parameter is a function of the overdl design
of the fabric system, it is important to appreciate the consequences of varying fabric atributes
rlaive to performance propeties To ad in the understanding of these trade-offs, Table 3
was condructed. It shows the effect on sdected properties as the fabric attributes are varied
for the same given mass of yans. In generd, these trends hold true for most coated/laminated
woven fabrics

Fabric Attributes PROPERTY
Tensile Tear Amount of Fabric Stability
Strength Strength Coating
Requires
(Mass)
Smdler Yarn Same Decreases Decreases Increases
Denier
Plan Weave Same Decreases Decreases Decreases
Ripstop Weave Same Increase Increases Decreases
Higher Yarn Count Same Decreases Decreases Increases

Table 3 — Fabric Attributes vs Properties
This table shows the ddicate badance in materids desgn. For example, to minimize meass,

you would pick a smdl denier, high count, plan weave fabric. To maximize tear srength you
might choose exactly the opposite, a high denier, low court, rip stop fabric.

SECTION 4 - Cut Slit Tear Testing

Cut dit tear teding is one method of measuring the ability of a fabric to resst tearing after it
has been damaged. This test was developed and utilized by U.S. Navy in the 1950s as an
acceptance test for the arship hull maerids of that era It is specified in MIL-C-21189,
“Cloth Laminated, ZPG2 and ZPG2W Type Airship Enveope’, Amendment 1, 15 July 59,
and origind 13 December 57, Paa 10.24. It was developed because it better smulated the
tearing action of a damaged inflatable than did other standard ter methods of the time
(tongueltrapezoid).  The Federd Avidion Adminigtration adopted this test in FAA P-8110-2,
“Airship Design Criterid’, 10 Oct 86, Appendix A as did the German LBA in “Airworthiness
Requirements: Norma and Commuter Category, Airships’, 15 Sep 95, Page 42.

Description of the Cut Sit Tear test

Thismethod is used to determine the tearing strength of the fabric.
The fabric sample is 102mm (4”) wide x 152mm (6”) long having a 32mm (1¥4’) wide razor
cut dit across the center of the sample at right angles to the longest dimension (See Photo 5).



Photo 5— Cut Sit Tear Sample

The specimen is placed symmetricdly into clamps of a universd tester (See Photo 6) with the
longest direction pardld to the direction of load gpplicatiion. The clamps must be 25mm (17)
wide and must grip the yarns that are cut. At the dart of the test the distance between the
clamps (gage length) must be 76mm (3”) with the dit an equd distance from each damp.

Bresking force is gpplied to the sample & a rae of 305 mmVmin (12’/min) (See Photo 7).

The tearing drength is determined as the average load of the highest recorded pesks of five
gpecimens recorded in pounds.

Photo 6 — Cut Slit Tear Testing Initia Photo 7 — Cut Slit Tear Testing In Progress

SECTION 5 —Hull Material Slit Testing On Inflated Cylinders



While the cut dit tear tesing provides a vduable tool for comparison testing of two fabrics
and qudity control tegting, it has no direct corrdation to tear propagation in an operationd
arship.

Dr. A. D. Topping invedigaed criticd dit length vs. dress leves in a paper titled, “ The
Critical Sit Length of Pressurized Coated Fabric Cylinders’ published in October 1973.  Dr.
Topping utilized inflatable cylinders in dzes ranging from a diameter of 69mm (27°) to
152mm (67). J. R. Thide furthered this invedtigation by atempting to correate cut dit tear
grength with “critical dit length.”  Criticd dit length wes defined as the point a which the
threads a the ends of a tear can no longer hold the stress and break. The tear becomes larger
and puts increesed load on the next yans until they in turn bresk and the tear repidly
propagates until the dress is sufficiently reduced. Mr. Thdés tesing induded edditiond
cylinders of actud arship hull materid in a diameter of 389mm (15.3"). He dso performed
testing on two full sze arship envelopes with diameters near 9400mm (370”). Mr. Thide's
testing showed good corrdation between cut dit teer srength and critica dit length usng the
following equation thet he derived from Dr. Topping's work.

Pr = C§*1.4
L ™2 @+ (L/)
Where
P = inflation pressure
r = cylinder radius
Cs Cut dit tear strength
L = Criticd longitudina dit length

Zeppdin and ILC Dover decided to peform smilar tets on the LZNO7 hull materid. This
testing atempted to corrdate cut dit tear testing to tear propagation testing on an inflatable
cylinder using the equations derived by J. R. Thidle.

ILC fabricated severd inflatable cylinders usng LZNO7 arship hull maerid (see Figure 8
and Photo 9). The cylinders were gpproximatdy 3700mm (144”) long and 900mm (36”) in
diameter. An initid cut was dit prior to seding the closing seem. A lightweight polyurethane
film was inddled insde of the dit with duct tape to prevent gross leskage during the tedt.
All testing was video tgped to dlow for accurate measurement of dit lengths.

I ~2700mm
AR
\ \
\ === \ ~30dmm 0D
) o |
4 /
INITIAL SLIT -—/ F1I M INSIDF

Figure 8 — Sketch of ILC Cylinder



Photo 9 — Photo of ILC Cylinder

The following test procedure was utilized:
Note: Limit Load is defined as maximum operationa load.

1 Meaaureinitid dit length.

2  Pressurize cylinder with ar. At any time, if tear began to propagate, Stop pressure
increese and maintan condant pressure until catastrophic falure. Measure find cut
length prior to catastrophic failure using videotape replay.

Mantan dress a % limit load (Stress level to be determined by measurement of
circumference and pressure of bag) for 5 minutes.

Maintain stress a ¥ limit load for 5 minutes.

Maintain sress & limit load for 5 minutes.

If no tear propagation, shut down air.

Adjust or repair bag-repeting test with variousinitid dit sizes.

w

~N ook~

Seven tests were paformed usng various initid cut lengths ranging from 41mm (1.625") to
241mm (9.5"). One test was taken to full limit load with no fallure. The sx other tests
concluded in full catastrophic rupture.  Each of these tests darted with an initid cut length
that grew to a find cut length (critical dit length) just before going catastrophic. The results
from this test are shown in Figure 10. The dashed lines represent the curves using theoretical
equation derived by Thide for a cut dit tear vadue of 267 N (60 Ibs) (Zeppdin minimum
gpecification vaue for cut dit tear srength) and 356 N (80 Ibs) (nomind Zeppdin for cut dit
tear strength).

Good corrdaion was obtained between data and theory. The criticd dit length was very cose
to that predicted by Mr. Thid€'s equaion using the nomind vaue for cut dit tear srength of
LZNO7 hull materid.  Additiondly, in al cases, the criticd dit length was greater than the
Zeppdin minimum requirement for cut dit tear srength would predict.

This cylinder tear testing showed that the LZNO7 hull materid peformed in a smilar and
predictable manner when compared to other arship maerids that have been previoudy
tested. It isanticipated therefore that the LZNO7 would have an equivdent leve of ssfety.



STRESS (N/cm)

Although this data is vauable, severd items should be discussed that are not pat of this
testing and require further investigation.

Fird, no atempt was made to investigate the function of time into this testing. For example a
tear of 25mm (1) may not propagate a 70 N/cm (40Ib/in) during the 5-minute dwel of this
test but it may propagate given enough time under load. This was experienced during the test
when the dit would increese in Sze and then dabilize not growing until the dress was
increased.

Second, no atempt was meade to induce the falure dynamicdly into the as would likdy
happen in an operdtiond arship. These tests began with the dit made in the unstressed
(uninflated) date.  This testing would be smilar to having an unknown defect in the arship
prior to inflation. More likdy would be the case where the dit was induced in an dready
pressurized (stressed) hull.

STRESS vs. CUT SLIT LENGTH
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Conclusions

As dl current and mogt planned arships continue to use the pressure envelope design
principle, the envelope must be considered a main structurd eement of the airship.

The deveopment of design requirements and compliance to these requiremerts in
arship enveopes continues to be a difficult and laborsome prectice New methods,
both andyticd and tedt, need to be established and verified to reduce this effort and
to ensure arobust, cost effective aircraft.

Tear strength was used as one &ample where current test methods do not accurately
depict red world peformance. New methods for collecting additiond data were
discussad dong with recommendations for future investigation.
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