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CHAIRMAN’S MESSAGE

On behalf of the sponsoring agencies, NASA, Navy, DOT and FAA, | ex-
tend our thanks to ail those who contributed to a successful LTA Workshop
at Monterey, California, in September, 1974. Well beyond our expectations,
the magnitude and breadth of representation was gratifying. Our purpose
for sponsoring the workshop was to provide a timely forum for the exposi-
tion and discussion of current views, ideas, and activities on all aspects of
LTA. With no intent to develop an advocacy position, either for or against
LTA, we wanted to objectively survey those facts and speculations which
abound amid the recent revival of interest. This we accomplished, and
more. Through the confluence of opinions, prejudices, and ideas, often di-
verse but always in the spirit of camaraderie, this intense week focusing on
LTA established a watershed from which future activities will flow. And, in-
deed, much work lies ahead. If the full potential of LTA is to be realized, it
will require the collective efforts of industry, government and the universi-
ties. To assist in this effort, the Workshop Report and Proceedings provide
an extension of a memorable week in Monterey.

Alfred C. Mascy
General Chairman
NASA Ames Research Center



This report was prepared under joint NASA/
Navy/DOT/FAA Grant No. NSG-2024. The
views expressed herein are not necessarily the

official opinions of the sponsoring agencies: -
The Systems Study Division, NASA Ames Re- ¥
search Center; Naval Air Development Center, )

U.S. Navy; Office of Aviation Policy, FAA; and ty

Office of the Assistant Secretary for Systems
Development and Technology, DOT.

o

Portions of this report may be quoted without
permission when credited unless noted dif-
feremly in Individual papers.

FLIGHT TRANSPORTATION LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS 02139
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PREFACE

In the past few years there has been much dis-
cussion both in the United States and abroad of
the ability of Lighter Than Air vehicles to meet
future transportation needs. Many of the propos-
ed uses and missions seem promising. However,
Lighter Than Air is not without its problems. Al-
though modern technology may be able to over-
come these problems, the ultimate issue could be
the economic feasibility of Lighter Than Air.

The Potential of LTA

The airship has certain advantages over alter-
nate modes of transportation. Like a ship or
barge, it can move large bulk and weight ship-
ments over long distances. Unlike a ship or barge,
it need not follow established waterways. Nor
does it require terminal facilities other than at its
home base. The airship offers these same advan-
tages over railroads and has considerably greater
capacity than trucks. Even though a high-cargo-
capacity airplane could be developed that might
match an airship’s payload, it would require large
runways at both ends of its trip. Thus, the airplane
lacks the airship’s flexibility.

Because of the inherent advantages, several
LTA missions can be identified. One often men-
tioned is the use of LTA in developing nations to
move bulk commodities and crops out of other-
wise inaccessible areas. Another mission is the
transportation of bulky machinery (such as nu-
clear power generation equipment) too large to
move over normal highways or rail right-of-ways.
Large capacity, coupled with the ability to hover,
makes LTA a candidate for construction tasks—
the proverbial “sky hook”. These same character-
istics could be used for disaster relief when nor-
mal transport facilities are damaged.

Other uses such as spraying crops, geological
surveying, archeological expeditions, military re-
connaissance and anti-submarine missions are
also feasible.

For passenger travel, the airship could revive an
era of elegance no longer available. Although
some feel the airship might compete for city-
center to city-center short haul traffic, its true
role would probably be the “cruise liner” of the air.

All these uses, coupled with the airship’s po-
tential for low pollution, low noise and energy ef-
ficient flight, have rekindled public interest and
imagination.

The Problems of LTA

The promise of LTA is not without its problems.
Most are directly related to the large size of a
Lighter Than Air craft.

GROUND OPERATIONS

Although LTA vehicles may hover while trans-
ferring cargo, etc., they still have a requirement
for home bases for maintenance, repairs and re-

furbishing. The least this will require is an open
area and a mooring mast or other tethering device.
For some of the larger airships proposed, the
clear area needed for maneuvering, particularly in
response to wind shifts, could be quite extensive.

Ground handling techniques present a second
problem. By the mid-1930s the hundreds of
ground handlers required in earlier days had been
reduced through mobile masts and winches, al-
though many ground personnel were still needed.
Refinements introduced by the Navy during the
1940s and 1950s reduced blimp ground crews to
three or four men. But even today, about 10
ground handlers are needed to land a Goodyear
blimp, a relatively small Lighter Than Air craft, at
sites not equipped with mobile equipment.

An additional operational problem occurs when
payload is taken on board or discharged from a
Lighter Than Air vehicle. Under normal operating
conditions, an airship has approximately neutral
buoyancy. When the airship is loaded or unload-
ed, its weight changes, destroying the equilibrium
condition. Normally, ballast is also loaded or un-
loaded to retain the neutral state (although re-
ducing the amount of lifting gas would have the
same effect). This means that if the airship is de-
livering or picking up cargo at some undeveloped
site, there must also be provisions at the site for
ballast and transferring that ballast. Alternatively,
some on-board system is needed to change the
gas volume. But such a system may be too heavy
to justify.

AIR OPERATIONS

The replacement of hydrogen with non-flam-
mable helium as the lifting gas has shifted the
major danger of an airship catastrophe from fire to
structural failure in violent weather. Undoubtedly,
better structures can be designed today than 40
years ago. And modern materials can provide in-
creased strength with decreased weight. But as
the size of proposed airships increases so do the
bending and twisting forces that may arise during
operations. The structures required to meet the
dynamic forces encountered by the large airships
proposed by many may impose weight penalties
due to safety considerations and decrease pay-
loads, even if modern materials and techniques
are applied.

Another structural problem is maintainability.
Minor ground handling errors may damage the
skin or interior bracing leading to substantial
downtime for repairs. Questions of damage sus-
ceptibility, structural integrity and maintainability
raise doubts as to the reliability of airships and
their ability to reach the degree of utilization
needed for commercial success.

Technological Solutions
Technology available today or in the foresee-




able future can alleviate many of these problems.
Perhaps the most usefu! technological innova-
tions would be the application of modern sensors
and variable thrust and direction engines to both
stabilize position and perform precise maneuvers.
As in the Apollo spacecraft, inertial sensors that
detect directional and rotational forces can be
coupled through a computer to active control sys-
tems. This would allow rapid detection of unde-
sired motion and the application of corrective
forces to counter the motion before it becomes
too severe, improving ground handling and air
operations.

Television cameras could be used to monitor
the parts of the airship not directly observable.
They would also provide the crew with extra eyes
during precise maneuvers such as docking. Radar
altimeters would provide better knowledge of alti-
tude. Better radio and navigation equipment
would provide considerably more information
than an old and experienced zeppelin captain
would have ever thought possible.

Modern weather prediction techniques and fre-
quent forecast updates would allow the safe cir-
cumvention of storms, as would airborne weather
radars.

Computerized structural design techniques
would permit more accurate analyses of the
stresses and strains an airship would have to en-
dure. This, coupled with today's knowledge of
storm intensities and shear forces, would lead to
structures designed to withstand the worst weath-
er possible. And the application of titanium and
composite fiber materials would minimize the
weight of these structures. New synthetics are
available to make stronger while lighter-weight
coverings.

In short, the technology is available to address
many of the problems of Lighter Than Air. An un-
answered question is whether the demand for
Lighter Than Air services is sufficient to offset the
costs of this technology.

Economic Issues

For any new method of transportation to gain
acceptance, it must offer an improvement over
existing systems in terms of performance or cost
or both. Therefore, to be a success, Lighter Than
Air must capture traffic from an existing mode of
transportation by offering a better service or gen-
erate new traffic by offering services not currently
available. in a military context, LTA must be able
to perform missions better or cheaper than at
present, or offer a capability desired but not cur-
rently available.

GENERAL DEMAND

Although one can hypothesize what new mar-
kets or types of traffic might be developed if com-
mercial airships did exist, the demand for such
applications is limited. It is doubtful whether a
potential airship manufacturer would commit cor-
porate funds for LTA development based on such
speculation alone. Therefore, for the private sec-
tor to take the lead in airship development, there
must be sufficient general demand for airships

based on current transportation patterns to justify
the investment risk of a manufacturer.

LTA's ability to lure traffic from other modes
will depend on the cost and speed of the service it
can offer as compared to the competition’s. These
characteristics can easily be determined for cur-
rent methods of transport. Likewise, reasonable
estimates of airship speeds and payloads are
available. But to date, the cost of airship service is
largely unknown because few accurate data points
exist.

SPECIAL MISSIONS AND MARKETS

It is possible that a potential user could have a
specific mission so suited to LTA and so expen-
sive or impossible by other means that he would
be justified in paying the manufacturer's develop-
ment cost as well as paying for the airship itself.
But because the development cost may run into
the hundreds of millions of dollars, there are few
potential users who could afford the initial invest-
ment. In some cases, an industry as a whole
might be able to raise sufficient capital, but com-
petitive pressures or anti-trust laws might prevent
cooperative ventures.

The only customers that can clearly satisfy the
criteria of specific missions suited to LTA and
sufficient funds to underwrite development are
governments, particularly their military branches.
But, at least in the United States, the cost effec-
tiveness of LTA must first be proven without a
doubt to military leaders, the Defense Department
and the Congress before funds will be released.

In a broader context, governments would be
justified in supporting the LTA development if
society as a whole would benefit ‘from its intro-
duction. Because the private sector is rarely re-
warded for reducing the social costs of poilution,
noise and energy consumption, corporate cost-
penefit analysis may indicate that “an investment
is not worthwhile for the company alone. But that
same investment might be very worthwhile for so-
ciety collectively. In such a case, the government
should act. Unfortunately for LTA, this concept of
total social costs, though often discussed, is
rarely the basis of government action unless asso-
ciated political pressures are brought into play.
And LTA has a small lobby at this time.

Institutional Constraints

A final set of problems is that imposed by gov-
ernment regulation, union contracts and the like.
How will airships be certified? The Federal Avi-
ation Administration has been attempting to de-
velop standards for STOL aircraft for several
years, although the differences between STOL
and conventional aircraft are not that dramatic.
How long will it take to develop standards for
commercial airships? How will airships be tested?
What safety standards will apply?

How will airships be handled by the air traffic
control system? At the least, because of their
relatively low speeds and altitude restrictions,
special procedures of some type will be needed.

Will airships be operated by airlines? By ship-



ping companies? Will certificates of public con-
venience and necessity be required?

Will the aviation or the maritime unions have
jurisdiction? Will the Civil Aeronautics Board or
the Federal Maritime Commission have jurisdic-
tion? What of our international bilateral agree-
ments? Will they apply or will new negotiations be
needed?

Although these issues are currently over-
shadowed by the technical and economic ques-
tions, they must at least be considered.

The Lighter Than Air Workshop

As a first step toward resolving some of these
questions, NASA, along with the Office of the
Secretary of Transportation, the Federal Aviation
Administration and the United States Navy, con-
tracted with the Flight Transportation Laboratory,
of the Massachusetts Institute of Technology to
conduct a week-long workshop on Lighter Than
Air in September, 1974.

Workshops have been used for many years to
bring together a group of people knowledgeable
on a particular subject for an intensive period of
discussion and interchange of ideas. The ap-
proach used for the Lighter Than Air workshop
was to have three days of papers and presenta-
tions on the current state-of-the-art followed by
two days of working sessions to analyze the ma-
terials presented. The papers presented at the
workshop are documented in FTL Report 75-2,
Proceedings of the Interagency Workshop on
Lighter Than Air Vehicles. The outputs of the
working groups are documented in FTL Report
751, An Assessment of Lighter Than Air
Technology.

The goals of the Lighter Than Air workshop
were to establish what facts are known about
LTA’s potential, what are the unknowns and, in
turn, what are the programs that could resolve
some of the unknowns. No less important was the
assembling of Lighter Than Air experts for face-
to-face discussions for the first time in over forty
years. ‘

The workshop did accomplish these limited
goals. It did not begin to answer all the questions
concerning LTA. Rather, it pointed the way to an-
swering the questions and provided a platform for
further research to separate fact from speculation
once and for all.

Joseph F. Vittek, Jr.

Editor and Workshop Director

Assistant Professor

M.1.T. Dept. of Aeronautics
and Astronautics
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EXHORTATION

The dean of rigid airshipmen living today, Vice Admiral Charles E. Rosendahl began his Lighter Than
Air career in 1923. He was navigator and senior surviving officer of the first American-built large rigid air-
ship Shenandoah which crashed in a storm over Ohio on September third, 1925, with the loss of fourteen
of her crew of forty-three. Commanded by Rosendahl, several of the Shenandoah’s crew free-ballooned
the front half of the ship for over an hour before coming safely to earth.

Subsequent to the Shenandoah crash, Admiral Rosendahl commanded the Los Angeles from May,
1026, to June, 1930. During that period, he participated in the trials of the Graf Zeppelin in Germany and
was onboard for its first westward crossing of the Atlantic in October, 1928. As the U.S. Navy observer,
he also made the Graf Zeppelin’s historic around-the-world flight in 1929.

After commanding the Los Angeles, Rosendahl served in the Bureau of Aeronautics preliminary to as-
sembling the tlight test crew of the Akron, then nearing completion. He commanded the flight trials of
that airship and delivered her to Lakehurst where he assumed command after her commission in October,
1931, and so served until June, 1932,

After two years at sea, Rosendahl was commanding officer of the Lakehurst Naval Air Station from 1934
to 1938. He was present during the Hindenburg’s 1936 use of Lakehurst as its western North Atlantic ter-
minal and flew on her many times. He was commanding officer at Lakehurst when the Hindenburg burned
there on May 6, 1937.

Several more years were spent at sea, with a brief return to LTA in 1940 when then Commander Rosen-
dahl was ordered to the Naval Department to activate the Navy’s blimp program. During these sea years,
Rosendah! was promoted to Captain and commanded the Minneapolis in several South Pacific engage-
ments.

As of May, 1943, Captain Rosendahl was made Chief of Naval Airship Training and Experimentation
and Special Assistant for LTA to the Deputy Chief of Naval Operations (Air) and promoted to Rear Ad-
miral. In this position, he continued to play a major role in the outstanding success of the Navy blimp
program during World War II.

Although he retired from the Navy in 1946 with the rank of Vice Admiral, his career in aviation was far
from over. He served for nine years as Executive Director of the National Air Transport Coordinating Com-
mittee, is an Elder Statesman of Aviation (National Aeronautic Association);, Past President and Life
Honorary Member of both the Wings Club and the John Erriccson Society; and a Quiet Birdman.

Admiral Rosendahl was winner of the Harmon International Award (Aeronaut Class) in 1927 and 1950; a
member of the Harmon Advisory Committee, 1948-1972; and Harmon Trustee, 1968-1972. He also holds
the Navy Cross, Navy Distinguished Flying Cross and Navy Distinguished Service Medal.

After publishing two books and numerous articles on airships, Admiral Rosendahl has taken a less
active public posture for several years, enjoying his retirement at Flag Point, New Jersey. Thus, it was to
everyone’s great enthusiasm that Admiral Rosendahl agreed to be the honored guest and special lunch-
eon speaker at the workshop. The text of his talk is reproduced below.

WHERE DO WE GO
FROM HERE?
VAdm. C.E. Rosendahl, USN (Ret.)

From the sidelines, | have been hearing and There are today very few of us ancient mariners
reading so much miscellaneous matter relating to still around who, some years ago, participated in
airships that this seemed a propitious occasion the first chapter of the story of the rigid airship.
for someone with actual operating experience in So it is comforting to see here, in this day and
the large types to come in as a free-lance critic age, some new personalities scanning this sub-
and discuss some of the pertinent topics with ject in which we still believe. Though most of you
you. Let me assure you that my comments and are interested primarily in technical aspects of the
criticisms are not intended to be discouraging, for airship picture, we trust you will not overlook the

.1 too believe in the revival of airships and a suc- operational side, for the vehicles discussed won'’t

cessful, useful hereafter for them in the fields for operate themselves.

which they are suited. It is particularly pleasing to me to see again
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such experienced airship pilots as Admiral Carl
Seiberlich, Admiral Dick Andrews, Captain
George Watson, Commander Ben Levitt, Profes-
sor “Red” Layton, Dr. Jack Harris, Bill Langen,
Bob Ashford, Walt Collins, Lyn May, James Sejd,
and that staunch airshipman Hepburn Walker.
George Watson and | sweat out many a situation
together in the big ships, but the others were too
young, of course, to have served in the large or
rigid airships of yesteryear. But they all typify a
number of similarly qualified men who possess
the basics derived from actually operating non-
rigid airships, to qualify them for valuable partici-
pation in the next chapter in which modernized
aircraft of the rigid airship type will star.

But at the same time, we cannot afford to lose
sight of the non-rigid airships, “blimps” as you
may call them.

It is fortunate that Admiral Seiberlich has his
eye on blimps too, for such craft, modernized and
equipped up to date, have capabilities for a variety
of necessary defense tasks. Two of these are anti-
submarine warfare and the protection of shipping.
By way of quick illustration, in World War It our
naval blimps escorted some 89,000 ships at sea,
laden with troops, equipment, munitions, sup-
plies, raw materials, without loss of a single ves-
sel to enemy submarines. A good haif of this rec-
ord was made in areas where hostile undersea
craft were known to be present.

The current official functions of the Navy in-
clude: “To organize, train, and equip Naval forces
for...antisubmarine warfare and protection of
shipping.” Yet, sad to say, for untenable reasons
the Navy currently has no blimps at all.

But so important are these tasks considered by
defense authorities that: “To train forces...to con-
duct anti-submarine warfare and to protect ship-
ping” is a designated task also of the U.S. Air
Force, albeit as a function termed “collateral”.

| sense, of course, that your primary interest
here today is in the much larger or rigid airships.
Yet, you must surely recognize that the avalanche
of inspired airship publicity—some people would
no doubt style it obvious “propaganda”’—has
sprung ajar the gates to discussion so widely that
in my allotted time it is possible for me to touch
upon only relatively few of the tempting topics
available. _

As a necessary preliminary, we should first re-
view a few aeronautical terms to insure that we all
speak the same airship language and understand
what the other fellow is talking about.

The field of aeronautics, of course, embraces
both heavier than air aircraft and lighter than air
aircraft. The former derive their lift aerodynam-
ically, the latter aerostatically from displacement
of air by some gas which weighs less than air.
HTA aircraft have only their aerodynamic lift.
However, LTA aircraft have not only their buoy-
ancy, but by flying at an inclination generate an
aerodynamic lift increment which is very helpful.

In the HTA division we have “fixed wing” and
“rotary wing” specialists. In the LTA field, the
simplest forms are “free” and “captive” balloons,
with buoyant lift only. But when we give balloons
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propulsion and guidance, they are “steerable” or
“dirigible” balloons or “airships”. The word “diri-
gible” began life as an adjective which basically it
still is despite its semantically corrupt use as a
noun to denote only the “rigid” airship. Actually,
in its defiled usage as a noun, “dirigible” could
apply to a rigid, a semi-rigid, or a non-rigid
(blimp) airship. Some folks even call them *zep-
pelins”, whereas zeppelin is a particular type of
rigid airship manufactured by the Zeppelin Com-
pany, as is the renowned 747 airplane a Boeing
747. So if we are talking about rigid airships, let's
say so unmistakably.

There is a reason for this review of certain air-
ship terms. Recently, airship publicists have em-
braced, and glorified unstintingly, something
from the dream world in various configurations
jabeled “hybrid” and imagined to be almost every-
thing to everybody, even though not a single form
of one has yet been designed, let alone been built.

Of course, there is already under active consid-
eration a purely heavier than air hybrid to result
from mating the helicopter with the airplane to
permit the resultant craft to take off and land al-
most vertically as,well as to hover for a while.
Cited in the ancestry of such rotatable propellers
are those of the rigid airships Akron and Macon
which with reversible engines could produce
thrust up or down, astern or ahead. But let us
hope today’s version of such variable thrust instal-
lations are considerably better than those of the
airship Akron days.

Genealogically, the heralded buoyant hybrid
would be part lighter than air and part heavier than
air. But no one knows yet whether the parts and
performance inherited from the two progenitors
would be the good ones, the mediocre ones, or
the worst. So far they are only awespme “artist’s
conceptions” on flat paper, revealing nothing of
what may be inside their cavernous carcasses.
Looked at coldly and calmly, the real intention
might well be just to graft onto an HTA vehicle
some LTA buoyancy.

This situation reminds me somewhat of a letter
the Navy Department received in the early days
when transport airplanes were losing an occasion-
al conflict with the laws of gravity. A Congres-
sional source urged the Navy to share its airship
helium supply so that airplanes could be made
safer by putting helium in their wings. And then
too there was the publicity-seeking gent who took
the precaution of putting ping-pong balls in the
wings of the plane he used in crossing the North
Atlantic.

But, thank goodness, the buoyant hybrid idea
would first have to be scrutinized by engineers
and technologists, men to whom the slip stick
and the computer are a lot more convincing than
the eye-catching illustrated printed page and the
siren songs of the television talking picture.

Thus far at least, the idea of the buoyant hybrid,
heralded as of almost universal capability, has led
to little except possibly some diminution of in-
terest in the real airship. In my humble opinion,
the buoyant hybrid should not be classed as an
“airship”. Rather, the cognizant authorities over



such matters should designate the HTA hybrid
clearly as a member of the HTA aeronautical fam-
ity, but at the same time create a distinct addi-
tional category in the field of asronautics for the
“neither fish nor fow!” buoyant hybrid. Then, if
gualified techniologists consider that the type has
potential worthwhile value, by all means go ahead
and explore it, but don’t thereby stymie the mod-
ernized airship.

Admittedly, the world wil! always need imagi-
nation that can be translated into useful reality. it
is furthermore granted that the flood of general
airship publicity has generated a great deal of in-
terest in the broad airship subject. But laudable as
this is, one might wish it had been gearsd more to
operational realities, so as not to put in jeopardy
the credibility of all its representations.

For example, it has been said that “...on the
ground, all the dirigible [meaning airship, one as-
sumes] requires is a flat clearing—a grassy field
will do”. Also, to make airship moorings where
needed, it has been proclaimed, the airship’s own
crew could tie the ship down by two or three “teth-
er” points, run lines out and hammer stakes in the
ground. Would that life in the airship world could
be so simple!

Should these examples render suspect the de-
gree of accuracy permeating other publicized
dreamboat concepts? Recent airship propaganda
has contended that after its losses in rigid air-
ships the Navy gave up that type in favor of the
smaller, less costly blimps. In more ways than
one, that statement is highly inaccurate.

First, the Navy has never definitely and clearly
announced its dropping of rigid airships, but rath-
er sneaked that in as an implication when an-
nouncing the termination of blimps.

The Navy did not “give up” rigid airships in
favor of blimps. The two types are not even in the
same league. Their functions differ widely; one
could not substitute for the other. And, we did
have some blimps at the same time we had the
rigids.

Additionally, the propagandist said, blimp
operations were discontinued “as an economy
measure”. Wrong again. Airships of both types
were exterminated with “malice aforethought”, as
| will sustain at length in a coming book.

But even though airships must suffer such in-
dignities as just quoted, perhaps we should be
thankfu! for the apparent disappearance of certain
other fallacious items.

For example, rarely these days do we hear
about mooring an airship atop the Empire State
Building in New York or to other tall buildings
elsewhere. There seems to have vanished also the
once-touted city-to-city pick-up-and-delivery ser-
vice by airships using midtown roof tops as land-
ing platforms.

Also, in my opinion there will join those ideas,
on the back shelf, the speculative use of large air-
ships to take repeated rough air beatings and ex-
posures to sandstorms, to sneak their great
length and bulk through high and turbulent moun-
tain passes not infrequently obscured by clouds
and thunderstorms in order to pick up popular

XV

garden products, then reverse the procedure and
distribute them over the continent.

Yet, | am aware of the brief intimations that in
ftight an airship’s helium might be alternately
vaporized or liquified to help contro! buoyancy,
“something done in the past by dropping ballast
and valving off gas”.

Helium in the liquid states requires heavy stor-
age facilities as well as heavy facilities for chang-
ing it from gaseous to tiquid form. Could the air-
ship afford the diversion of useful lift to such
weights plus the energy cost for helium liquifica-
tion? Why introduce such complications at this
point of revival of the airship, when they are not
necessary in the airship’s proper field of employ-
ment?

As to “valving off gas” for buoyancy control,
with a little research the publicist could have
learned that “valving off gas” was practiced only
by hydrogen-inflated airships. There have been
extremely few occasions when airships ever valv-
ed off helium. In the rigids, the weight of fuel con-
sumed was compensated for by “water recovery
apparatus” which condensed and collected water
from engine exhaust gases, with an efficiency of
over 100% at times. Must we assume that this
particular airship publicist was unaware of “water
recovery” while writing so authoritatively on other
airship technical matters, and recommending
much more costly, cumbersome, still unproven
apparatus for buoyancy control?

Still another of the propagandist’s eye-catchers
in the dream world, in my opinion also headed for
the back shelf, is the simple sounding but highly
speculative proposition of having an enormous-
sized airship stand still as a statue and make a
“spot drop” with necessary “jeweler's precision”
of extremely heavy indivisible mechanical assem-
blies. That operation would require not only
heavy, expensive, complicated equipment for the
airship, but of even more importance, very unusu-
al cooperation of Mother Nature.

As to the suggested complete 100-bed hospital
aboard an airship moored in a clearing in a
continental interior to a simple stick mast brought
in by the airship itself, one marvels at the great
imagination its proposer must possess. What a
workout this proposed project would be not only
for the isolated airship’s personnel, but also for
the airship itself in rain, snow, sleet, thunder-
storms, fronta! passages, etc., as well as not
being able to replenish its consumable necessi-
ties. Must we resort to such fantasy to try to
establish that the airship can be a useful thing?
From the practicability standpoint, ambition
should be made of sterner stuff. From almost
every standpoint, it would seem far better and
cheaper simply to build an earth-bound hospital
for “people-to-people” sake. About the only use
for airships not conjured up so far seems to be
carrying “coals to Newcastle”.

Another publicized candidate for the back shelf
is the suggested craft to be formed by the mating
of three small hulls horizontally because, one
reads, that “could ease construction and hand-
ling”. First, aren’t the craft's flying considerations




the primary concern? stitute a most demanding payload. ‘

Next, it is a well recognized adage that putting a So let's face some realities and lay aside the
given volume in three smaller containers rather exotic proposals conjured up for buoyant hybrids.
than in one larger one, in the aggregate requires The airship may achieve a modest increment in

more container area and therefore more weight. operating altitude, but basically it is a low altitude
As for “ease in handling”, have we already for- craft. As such, great ocean expanses beckon to
gotten that on Aereon’s first attempt to take its the airship, and offer the utmost in meteorological
three-hulled craft out of the hangar, an ill-man- or “weather map” navigation.
nered gust of wind flipped it over on its back, has- At sea, we find waterborne freighters of very
tening the decision to abandon the whole project? low speeds. At the other end of the spectrum are
And as for the published idea of mating three tast and ever-faster airborne freighters. This ever
large blimp hulls pyramidically into one huge as- widening speed gap is open to the airship freight-
sembly, inquiry has revealed no enthusiasm and er, even if airships never become any faster than
only great doubt from several of the most experi- the Hindenburg. The airplane provides the fastest
enced airship pilots | know. transport of cargo, the waterborne freighters the

Erom the pen of a publicist one reads that: “A slowest. At a speed of even only 4 to 5 times that
dirigible [apparently meaning a rigid airship] of of the latter, the airship can provide an additional
the 1970’s would not simply be an improved larger useful type of service. From contacts with them, |
version of the Hindenburg or other pre-World War know that Zeppelin designers and operators felt
Il rigid airships, such as America's Akron and that a cruising speed of about 100 knets was
Macon or Britain’s R-100.” Is that so? Is that pro- about all they saw any need for in airships.

nouncement made as a consensus of informed An authority like Aerospace Engineering Pro-
opinion, or is it only its author's representation? fessor Francis Morse says the airplane needs
Whatever thinking it is supposed to represent, Ido cargo weighing around eleven pounds per cubic
agree with its author about there never being foot for economical use of its capacity. “Morse

another R-100, nor, for more than one reason, thinks his airship,” says Fortune Magazine,
another of the Akron-Macon design. But with the scould outperform airplanes in carrying cargoes of
declaration that a modernized Hindenburg will not fairly high value but fairly low density, which in-
be built, | am in total disagreement. cludes most manufactured products.” Waterborne
It cannot be denied that the Hindenburg was the frieghters haul cargoes for which speedy delivery
best rigid airship ever built, and a successful one, is of least concern. Airplanes can carry certain
and never came up with any structural deficien- cargoes for which speedy delivery is mandatory or
cies. Yet her learned critics would have us believe at teast essential, but at a correspondingly high
that to her fundamental design there could not be cost. And Morse has pointed out the general type
applied “remarkable advances in propulsion, ma- of intermediate cargoes which it is widely believed
terials, guidance and control, navigation, aero- would bring the airship plenty of patronage. So
dynamic theory, electronic data management,” that's the field in which the revived airship should
etc. To this has been added the statement that the resume its place in the world.
Hindenburg was underpowered; by whose stand- So what should be done to modernize the Hin-
ards was she underpowered? 1 should like to know denburg design? There are numerous readily at-
—certainly not those of the designers and build- tainable modifications for achieving the goal in
ers of the ship. The critics have added the enig- addition to the simple conversion of passenger

matic impression that the Hindenburg “had to spaces and accommodations into freight stow-
have a crew continually adjusting and repairing age. And when there is some agency or authority
the craft”. Doesn't every ship have a crew on watch set up to go into that subject on a serious basis, |
to operate mechanisms, take readings and report shall be glad to pass on my ideas on such updat-
them, etc.? Does the subject commentator believe ing. But at this point, | will state my firm convic-
that all the crew did was to go along for the ride? tion that the modernized Hindenburg is the proper
The quoted inference could have been only some basis for revival of the rigid airship in the fields in
layman's clumsy planted attempt to denigrate a which rigid airships belong.

fine airship. But there are specific features which deserve
Nuclear propulsion admittedly is an enchanting adequate attention now in anybody’s airship
goal. But realistically, and regardless of the ex- thinking, and here are a few. Boundary layer con-

tent of its pre-installation tests and trials, in any trol has long been a topic of conversation, with
tirst-time airborne installation, “bugs” which general agreement that itisa potential aid of great

cannot be anticipated will creep into its adapta- value. Counter-rotating stern propellers fit into
tion and make unwise immediate total depend- the scheme. Vectored thrust is another worthy
ence upon it. Thus, it would seem only prudent goal. The maritime world has long known the
to have as “insurance” a pair of additional propel- value of and is using the “pow thruster” for ma-
lers conventionally driven. Furthermore, who neuvering around docks without tug boats.
knows but that use of airborne nuclear power Jet Assisted Take-Off—JATO—once employed
overland may be forbidden? by early flying boats, should not be overlooked. In
As for passenger traffic, there has been nothing the airship world, the ltalian airship designer For-
but high praise for transoceanic travel by airship. janini, in 1932 published information on a novel’
But during the airship’s recuperative period after and interesting maneuvering system he had just
so many years of neglect, passengers would con- installed in a small airship of his. In the bow he
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had a centrifugal blower, and a similar one in the
stern, each with five outlets or valves for effecting
air streams. Thus, compressed air jets could be
directed at both ends of the ship, to give thrust
ahead or astern, upward or downward, or to star-
board or to port. It was claimed that by the opera-
tion of these valves, independently or in combina-
tion, extreme maneuverability of the airship could
be obtained—it could revolve horizontally about
its center of gravity, rise or fall vertically or climb
or descend at a steep angle, and even move side-
ways, without discharging ballast.

It should be remembered that the LZ-127, the
old Graf Zeppelin, operated throughout her long
lifetime on a gasecus fuel called “blau-gas” of
density of about 1.0. Since she was inflated with
hydrogen, the danger from the gaseous fuel could
be accepted. If a helium ship could perfectly insu-
late a gaseous fuel with its already ¢ontained lift
helium, the combination would have great advan-
tages.

There is obvious great infatuation with metal
hulls for modern large airships or buoyant hy-
‘brids, seemingly traceable to the ZMC-2, a very
small metal-hulled airship purchased by the Navy
some years ago. My advice to such enthusiasts is
to “Stop, Look, and Listen” before they go over-
board with this idea.

One must indeed admire the development of
technique and equipment for literally stitching or
sewing together thin metal sheets to form the hull
of the ZMC-2. But there are other considerations
of transcending importance which must be weigh-
ed, and the most important of all is the transmis-
sion of heat by the metal hull.

To maintain its shape, the metal hull of the
ZMC-2 depended partly on the pressure of the
helium within it, so the metal hull served also as
the helium container. This is contrary to the con-
ventional rigid airship wherein the helium cells
and the ship’s outer cover are separate, the space
between them also serving to ventilate the huil.

Without burdening this paper with the technical
details, let me say simply that because of the very
rapid transmission of heat to and from the
ZMC-2's helium, sudden fluctuations in altitude to
prevent loss of helium and great changes in her
buoyancy made the operation of this craft very
“tricky”. Indeed, the pilots regarded the ZMC-2 as
a “bucking bronco” of the air. Even while docked
in the hangar there could sometimes be heard
metallic “cries” of the hull in response to rapid
temperature-pressure changes.

Yes, | hear comments about the “large ground
crews” the Hindenburg personnel wanted. But let
me assure you, our Naval airship personnel had
made great pioneering strides in the mechanizing
of airship ground handling of our own rigid air-
ships, improvements that unquestionably the
Germans would have adopted in time.

Providing whatever ground manpower the Hin-
denburg desired was no problem whatsoever.
There were always plenty of volunteers who re-
garded the arrivals and departures of that ship as
awe-inspiring events in international history that
they didn’t want to miss. Furthermore, our per-
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sonnel found these occasions of great value in
keeping current their knowledge of airships such
as we all thought would some day return in our
own inventory.

There seems to be floating around an impres-
sion that the Germans themselves evidenced
being through with airships when they dismantied
the LZ-130, next in the Hindenburg series, early in
WW I1. Actually, they intended, after winning the
war, to go into rigid airships on a big scale, but in
WW 1I airships would have been of no value to
them. So they scrapped the LZ-130 and the still
existing old Graf Zeppetin (LZ-127) and of course
made use of the fine alloys with which those two
airships had been constructed.

But behind this was their decision to get rid of .
the two large airship hangars at Frankfurt which
were easy for approaching enemy bombers to spot
and use for position finding. Even more important
to the Germans was the hazard these two huge
structures on a totally blacked out field presented
to Luftwaffe pilots taking off and landing there at
night. .

Sincerely, | am enjoying all the papers and pre-
sentations being made here. As for my own paper,
it is realized that not every question in your minds
could possibly be answered on this single occa-
sion. But let’s hope it has brought realization that
more than enthusiasm is required to effect revival
of the airship.

Airship history becomes more and more con-
fused as author after author bemoans and pyra-
mids our pioneering losses, and presents his own
versions of the loss of the Shenandoah, the burn-
ing of the Hindenburg, etc.,—events of nearly half
acentury ago. What is needed is clarification, not
more confusion,

Just a loose confederation of “interested” par-
ties can't hope to re-establish the airship. The
game isn’t played by the cheer-leaders and the
rooting section. So, in my way of looking at the
situation, by far the most important decision to be
arrived at is that of authoritative cognizance over
airships and airship matters. Until that is attained,
there may not be any “party platform” on airships.
But pending the establishment of such cogni-
zance, perhaps we shall have to look elsewhere for
help.

No doubt you remember from Greek mythology
of your school days that the stalwart and renown-
ed Greek hero Hercules was assigned to perform a
number of tasks that were considered very formi-
dable ones. Frequently mentioned is the “fifth
task” which consisted of cleansing the Augean
stables which for 30 years had been occupied by
thousands of cattle without ever having been
cleaned out. But Hercules wasn’t awed for a mo-
ment. He simply joined two rivers together and
with their combined streams got the flushing-out
job done in a single day!

So please, Mr. Hercules, wherever you are—
over the Island of Cyprus or elsewhere—and
whatever you are doing, please drop the bricks
and come on down and help us clean up and
straighten out the airship situation.
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BASIC RELATIONSHIPS FOR LTA ECONOMIC ANALYSIS

Raymond A. Ausrotas*

ABSTRACT: Operating costs for conventional lighter than
air craft are presented, based upon data of actual and
proposed airships. An economic comparison of LTa with
the B-747F is shown. A brief discussion of possible LTA
economic trends concludes the paper.

INTRODUCTION

In the field of Lighter Than Air, there is a wealth of performance

data and a dearth of economic data. Thus it is not surprising that

most discussions about the potential of LTA end in agreement that :
an airship of a given size could carry out some specific mission, i
but in disagreement as to how much it would cost. Since commercial ‘
airship operations have not been undertaken for almost forty years,

this paucity of data is not surprising, and any new proposal for

LTA--as far as its economic viability--runs into immediate sus-

picion. It is not the intent of this paper to review the overail

economics of LTA, but rather simply to present the supply (cost) side
of the equation.

*Associate Director, Flight Transportation Laboratory, Massachusetts : é
Institute of Technology, Cambridge, Massachusetts 02139 ;




AIRSHIP ECONOMICS

The unit cost of an airship is the first in a series of unknowns in
an economic analysis of LTA. This cost is determined by four basic
variables: total development cost (non-recurring costs), the anti-
cipated airship production run (required to allocate the development
cost to each airship), the construction cost (recurring costs),

and engine cost. Engine costs would be known before construction was
undertaken--the other variables are largely unknown. (Also unknown
are such operational factors as need for hangars, mooring masts,
terminal buildings, as well as airspace utilization problems, etc.).
Estimates of development costs vary from $50 million to $500 million;
the number of airships needed ranges from 1 to 200; and construction
cost estimates range from $0.50 per cubic foot to $4.00 per cubic
foot. Clearly no definitive answer can be given to the question of
"How much will an airship cost?"

Given some purchase price, the airship will be depreciated by the
operator over its useful life. If the price of the ship is $20
million and assuming a life of 10 years, straight line depreciation
results in annual ownership costs of $2 million. 1In U.S. scheduled
airline operations depreciation typically amounts to 10% of total
operating costs (direct and indirect). A possible annual operating
cost of the airship could be $20 million. However, consider ocean
tanker operations; here depreciation is typically 50% of direct
operating costs, resulting in direct operating costs of $4 million.
Adding 50% for indirect costs, total annual airship operating costs
amount to $6 million. Until airships have been in commercial opera-
tion for some time, it is hard to judge whether airships will be
more like shipping fleet or airline operations.

However, it is possible to take a look to the past when transport
airships were in operation. This perspective should provide at
least an outline of the likely cost structure should LTA become a
commercial possibility.

Table 1 presents a detailed breakdown, in CAB Form 41 style (1931
dollars), of the pro forma costs for a metalclad airship of about

the same size as the Navy's Akron/Maconl. Depreciation was projected
to be 20% of total costs, about in line with airline costs; indirect
operating cost was 50% of DOC; about the same as current freight
airline experience. 4

The total projected costs of the MC-72 were probably unduly conserva-
tive. They were higher than those experienced by three commercial
transports, the Bodensee, Graf Zeppelin and the Hindenburg, as is
shown in Table 21.,2,3,4,5. The Hindenburg was practically a twin
for the MC-72, and achieved about 16¢/available seat mile, compared
to the projected 36¢/asm for the MC-72.

Figure 1 shows the improvement in productivity and decrease in costs
achieved by the Zeppelins as their capacity increased. The Goodyear



airship design of
Zeppelin line.

Projected Operating Costs - Airship MC72 (1931 Dollars)

Table 1

1945 appeared to be a realistic follow-on to the

Based on: Block Speed 68 mph; Pavload 20 tons; Utilization 3,000

hours; Available Seats 50; Volume 7.26M cu.ft

3,300 miles; Airship Cost $5m.
Airship Operating Expenses (Per Block Hour)

AT M/ HOUR

5000

4000

3000

2000

1000

Flying Operations
Crew
Fuel and 0il
Helium (at $0.40/cu.ft.)
Insurance
Other
Total Flying Operations
Maintenance~Flight Ecuipment
Depreciation
Airframe
Engines
Total Depreciation
Total Airship Operating Expenses

Per Airship Mile (3)
Per Available Ton Mile (¢)
Per Available Seat Mile (¢)

Indirect Operating Costs (Per Hour)

Total Operating Costs (Per Four)

Figure 1

1,

59.0
11.0
100.0
204.0
58.0
432.0
135.0

170.0
79.0
249.0
816.0
12.0
60.0
24.0
408.0
224.0

. Average Stage Length

Productivity and Operating Costs of Commercial-Dirigibles

28 (LZ120)

(LZ127)

(LZ129)

PRODUCTIVITY X

{GOODYEAR 45)

Capacity (m. cubic feet)
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Moving forward some forty years to Table 3, a similar breakdown of
costs is shown for two of the Southern California Aviation Council,
Inc. proposed airships4. The AMC-7.4 is about the same size as the
MC-72, and it is interesting to note that although the dollar's

value has decreased by a factor of about 3 since the mid-thirties,
the operating expenses for the airship are assuméd to have gone down
while the unit price of the airship has more than doubled. Deprecia-
tion of the newer airships is about 30% of total operating costs,
somewhat closer to ship operations, while indirect costs are assumed
to average only about 10% of DoOC.

Table 4 provides the operating expenses for a B-747 freighter flying
in the United States®, a comparison of the airship and aircraft
operating cost indicates that the aircraft costs are below those
anticipated for all the 7 million cu. feet airships shown in Table 2~
only at the super-airship sizes do costs become competitive with

the B-747. Then the insurance premiums of the large airships be-
come the dominating operating expense. )

Although Table 2 shows the costs at current dollars, the actual value
of the dollar has deflated by 300-400% from the mid-thirties. However
it is not totally unreasonable to assume that airship expenses

would in fact decrease. The average U.S. scheduled airline cost

per available seat mile in 1938 was 5.5¢,7 while in 1970 it had
decreased to 3.6¢/asm. However, the available seat miles during

this period grew from 1,067,793,000 to 264,903,850,000, and the
economics of scale, operating experience and increased safety which
the airlines gained during this period of 30 years have all con-
tributed to reducing costs. Clearly airships have not had the bene-
fit of a similar learning period, and it is not quite correct to
extrapolate directly from airline data. Only after some years of
actual airship operations will it be possible to determine if
similar trends will hold. '

Table 3

Projected Operating Costs - SCACT Airships (1974 Dollars)
Based on: Airborne Speed 100 mph; Stage Length 2,000 miles, Utili-
zation 4,000 hours.

Airship Operating Expenses AMC-~7.4 AMC-42
(Per Airborne Hour) (Cost $13M, Pay- (Cost $74M, Pay-
load 60 tons) load 804 tons)
Flying Operations ‘
Crew 143.0 154.0
Fuel and 0il 52.0 163.0
Helium 0.0 0.0
Insurance 189.0 1,125.0
Other 0.0 0.0
Total Flying Operations 384.0 1,442.0
Maintenance 58.0 95.0
Depreciation 167.0 903.0




Total Airship Operation Expenses 609.0 2,440.0

Per Airship Mile ($) 6.0 24.0

Per Available Ton Mile (¢) 10.0 3.0

Indirect Operation Costs (Pex Hour) 98.0 . 206.0

Total Operating Costs (Per Hour) 707.0 2,646.0
Table 4

Estimated B-747F Operating Costs (1972 Dollars)

Based on: Block Speed 500 mph; Stage Length 2,000 miles; Utilization
3,000 hours; Payload 100 tons.

aircraft Operating Expenses (Per Block Hour)

Flying Operations

Crew 300.0

Fuel and 0il 400.0
Insurance . 50.0
Total Flying Operations 750.0
Maintenance 500.0
Depreciation 500.0
Total Aircraft Operating Expenses 1,750.0
Per Airship Mile ($) 3.5
Per Available Ton Mile (¢) 3.5

Indirect Operating Costs (Per Hour) 900.0
Total Operating Costs (Per Hour) 2,650.0
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PRELIMINARY ESTIMATES OF OPERATING COSTS FOR
IGHTER THAN ATR TRANSPORTS

C. L. Smith*
M. D. Ardema*

ABSTRACT: Presented is a preliminary set of operating cost
relationships for airship transports. The starting point for
the development of the relationships is the direct operating
cost formulae and the indirect operating cost categories
commonly used for estimating costs of heavier than air commer-
cial transports. Modifications are made to the relationships
to account for the unique features of airships. To illustrate
the cost estimating method, the operating costs of selected
airship cargo transports are computed. Conventional fully
buoyant and hybrid semi-buoyant systems are investigated for

a variety of speeds, payloads, ranges, and altitudes. Com-
parisons are made with aircraft transports for a range of
carge densities.

INTRODUCTION AND SUMMARY

Much of the present confusion over the viability of modern airships can be traced to
the assumptions and methods used in the estimations of operating costs. For example,
recent estimates of the direct operating costs (DOC) of airship cargo transports
range from 0.5 to 15.0¢/available ton-statute mile. This paper will discuss a meth-
odology of airship cost estimation and present a preliminary set of operating cost
relationships for airship transports.

The starting point for deve]o?ment of the cost relationships are the DOC formulae of
the Air Transport Association® and the indirect operating cost (I0C) categories
developed jointly by Boeing, Lockheed, and Douglas?. These methods are commonly
used for estimating operating costs of commercial aircraft and are founded on exten-
sive operating experience and a vast data base. They are adopted in the present

*Aerospace Engineer, NASA Ames Research Center, Moffett Field, CA.
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paper because of the many similarities between modern airships and aircraft. The
formulae are examined element by element to assess the applicability to ajrships.
Modifications are made where appropriate, and areas of uncertainty are pointed out.

Additional elements required for airships, such as those associated with procurement
and maintenance of the buoyant gas, are formulated.

An airship performance model is necessary to define the airship configurations for

input into the cost model. Such a performance model suitable for conceptual design
has been developed expressly for the cost model used in this paper. The methods of
performance analysis are discussed in the next section.

To illustrate the cost estimating relationships, the operating costs of selected
airship transports are computed. A conventional fully buoyant, and a hybrid semi-
buoyant airship are defined and discussed. The effects on operating costs of changes
in cruise speed, gross takeoff weight, range, and cruise altitude are investigated.
Comparisons are made with aircraft transports. The effect of cargo density on air-
craft operating costs is assessed. The two airship configurations and the ajrcraft

are illustrated in Figure 1.

g
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HYBRID AIRCRAFT

Figure 1
Study Configurations

Any airship costing methodology must be regarded as highly speculative at the present
time. It is hoped that the cost relationships developed in this paper will provide

a temporary means for estimdting airship costs as well as providing a starting point
for developing more definitive relationships.




METHODS OF ANALYSIS

Performance

The airship performance analysis begins with the calculation of gas volume, Vgag, and
envelope volume, Vpyy, in terms of the specified buoyant 1ift, Lgygy, as follows

L
Veas = CBUOY

Ks )

Ps.L.
VEW T By VGAS

where Kg = .06 for Helium and pg | and pp 7 are the atmospheric densities at sea
level and cruise altitude, respectively. bnce Veny is known, the airship geometry
can be determined.

The aerodynamic analysis follows Appendix A of reference 3. After the Reynolds
numbsr, Ry, has been computed, the skin friction coefficient, C¢, is determined
from

- .03
Cf = ;{—17‘7— (2)
N

The bag drag coefficient is"

7

3 1/2 2.
se @) v @ (3)

: 1/
C - 2
DBAG = Cf [4 (a)

where '(2/d) is the fineness ratio. The drag coefficient is then

+ CDF ' (4)

C,=¢C

D D

BAG

where CDF accounts for the fin and other miscellaneous components of drag and is

taken as equal to .005 in the present study. The vehicle zero-1ift drag is deter-
mined from

Do = 9 Cp Sger (5)

where

=y 2/3 (6)

S ENV

REF
The 1ift coefficient is taken from reference 2 as
S

C, = (0.57R sina + K sinza cosa) =2 (7)
L L SREF




where R is the aspect ratio, a is the angle of attack, Sp js the platform area, and

K =1.7 R el "R (8)

The drag due to 1ift coefficient, Cpy» is obtained from reference 5 as

Di = CL tano (9)

c

For the hybrid airship, the angle of attack is selected by setting CDO = CDj’ The

vehicle dynamic 1ift and d?ag due to 1ift are

Loyn = 9 CL Sger
(10)

D; =a Cp, SREF

respectively. The fully buoyant airship is assumed to fly at zero angle of attack.
Thus, the gross takeoff weight, WgTQ» and total drag, D, are given by

=L

W
6T0ry, Ly guovant  BUO
(11)
D =D
FULLY BUOYANT ~ "o
For the hybrid,
W s Lt L
6TO, yprrp | BUOY T DY
(12)

Dyyerip = Do * Di

The structural weight, WsTRyC> defined to be the empty weight minus the propulsion
system weight, is obtained from

Wsrpuc = Ks1 Vew * Ks2 bown (13)

where the second factor js zero for the fully buoyant airship. The first factor
results from the ncube-cube" law governing scaling of airship empty weight and 1ift.
The historical value of KSI js .0325 but a value of 0250 is used in the present
study, reflecting about a 25% improvement in structures and materials technology
over the historical base. This is probably a conservative assumption when the great

increases in structural and material efficiencies in the past 40 years are considered.

The horsepower required for cruise is determined from the fundamental relationship

.o = Fone (14)

where S is the cruise speed in feet per second and np = .82 is the propulsive
efficiency. The rated horsepower is

S

B - Por. [Ts.e. e (15)
ATE " Pyur VTt &1
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where P and T are. the atmospheric pressure and temperature, respectively, and KT is
the throttle setting, taken as .60 in the present study. Both diesel and turboprop
engines were investigated, and it was found that the former gave superior performance
in both the fully buoyant and hybrid airships. The weight of the diesel engines is

Weng = K HRaTe : (16)

where Kp was taken as 1.0. The weight of the rotors and drivetrains, woﬁv, was
estimated from empirical data and added to the engine weight to obtain the propulsion
system weight, Wppop.

The mission fuel requirements are determined from

] R
Weyer = r SFC 3 | (17)

where SFC is the specific fuel consumption and R is the range. Finally, the payload
may be determined from ‘
- W - W (18)

W =W

paY = Y10 = Wstuc ~ Wprop ~ WruEL

Cost

The development of a costing methodology for airships may follow one of two paths.
First, there is the methodology based on past airship costs and past operating
experience. This data base, however, is so old that it has limited use in the modern
context. The economic situation and manufacturing techniques of today cannot be
reflected accurately in a model based on historical airship data.

The second possibility is to use techniques that have been developed for estimating
costs in the air transport industry. This approach is natural since aircraft and
airships have many characteristics in common. Both have a need for light weight

and high performance to obtain optimum operational efficiency. In order to minimize
the labor requirements, both will include sophisticated flight control and avionics
systems. Minimum operating costs require a high degree of dependability and high
utilization factors. Also, airships and aircraft will have to meet the same insti-
tutional and operational constraints since both will be performing their tasks under
the jurisdiction of the same regulatory agencies. Therefore, the costing techniques
based on air transport experience were used in this study since they were considered
to be more applicable in predicting the economic characteristics of the airship.

The vehicle costs were derived using equations which compute cost as a function of
weight. The equations compute separate costs for body structure, propulsion,
avionics, crew station controls and panels, and final assembly. These are then
summed to derive a first unit cost. Learning curve factors are applied next to
arrive at the cost per unit for the production quantity. Airship unit costs were
estimated from the same equations that were used for conventional aircraft. This
assumption is probably conservative since there possibly are reasons why airship
unit costs per pound of structure may be lower than those of aircraft.

The operating cost is divided into two parts — direct and indirect. The DOC's were
computed using the Air Transportation Association (ATA) equations.' The indirect
costs were derived using the equations developed jointly by Boeing, Lockheed, and
Douglas? with a modification to include the gas replenishment needed for airships.
Table 1 is a listing of the items in DOC's and IOC's.

A preliminary examination indicated that the Tand requirements for the aircraft and
airships would be equal so those costs were not included in the study. Aircraft
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Table 1
Operating Cost Elements

« DIRECT OPERATING COST (ATA METHOD)

CREW

FUEL
INSURANCE
MAINTENANCE
DEPRECIATION

«INDIRECT OPERATING COST
(LOCKHEED-BOEING—-DOUGLAS METHOD)

MAINTENANCE OF GROUND PROPERTIES AND EQUIPMENT
VEHICLE SERVICING

CARGO TRAFFIC SERVICING

RESERVATIONS, SALES, ADVERTISING

GENERAL AND ADMINISTRATIVE

GAS REPLENISHMENT

actually require more land for the runways, but the hourly utilization of the land
js quite high wereas an airship when moored does not allow the land it occupies to
be utilized for other airships. Due to their large sizes, fully buoyant airships

may have an adverse effect on air traffic congestion. The hybrid airship would be
superior to the fully buoyant airship in terms of land utilization and air traffic
congestion. : :

The block time is very important to the productivity of the vehicle. The block times
were computed by the following equations ° .

R+ .55
taIRSHIP ©

(19)
tATRCRAFT ~

where t = block time, hr; R = range, nautical miles; and S = cruise speed, knots.

The time to climb to and descend from cruising altitude is accounted for by the
factor .5 S. In the denominator, the fractional quantity accounts for the effect of
winds which are assumed to be 25 and 75 knots for the airship and aircraft,respec-
tively. The correction js derived by assuming that the vehicle encounters a headwind
over half the range and a tailwind of the same velocity over the other half. The
aircraft block time also includes a nalf hour of ground maneuver time which is not

necessary for the airship.
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Table 2 lists the assumptions for the cost study. The utilization rates of airships
will be considerably higher than those of aircraft due to the higher trip times.
Further, it may be possible to do almost all maintenance in flight. Achievement of
h1gh utilization is important for airships due to their inherently poor productivity.
It is-assumed in the present study that ground time is only necessary for freight
loading and unloading. The airship requires two crews for the long flights, but
salaries were assumed to be paid only while the crew was actually working. The
utilization and crew salary assumptions should be regarded as optimistic. The air-
ships will require an annual total gas replenishment equal to about 25A of their
volume. The price of Helium was taken as 10¢ par cubic foot.

Table 2
Economic Assumptions
FULLY
BUOYANT
AIRCRAFT & HYBRID
CREW SIZE 3 3
'UTILIZATION (HR/DAY) 11.67 23.40
FUEL COST ($/GALLON) .25 .25
DEPRECIATION PERIOD (YRS) 15 15
RESIDUAL VALUE (%) 15 15
INSURANCE RATE (%) 2 2
GAS REPLENISHMENT (%/YEAR) 0 25

RESULTS

The study configurations are shown in Figure 1. The fully buoyant airship is of con-
ventional ellipsoidal shape. The hybrid configuration has an elliptic cone forebody
and an afterbody which fairs to a straight line trailing edge. The cross-sections
are elliptical. The hybrid configurations represents an arbitrary choice of shape
since the performance optimization model is not sufficiently detailed to account for
all the interactions necessary for a configuration optimization. Thus, there may
well be superior hybrid configurations to that considered here.

Table 3 shows the characteristics of the fully buoyant and the hybrid airship sized
for 1,000,000 pounds of buoyant 1ift. Also shown for reference are the characteris-
tics of a cargo aircraft of 500,000 pounds gross takeoff weight. The cruise speeds
of the airships were selected to maximize the productivity-to-empty weight ratio and
were found to be 100 knots in both cases. Due to the severe penalties associated with
designing airships for high cruise altitudes, sea level altitude was assumed. Cruise
altitude capability is then obtained by preheating the buoyant gas to fill the envel-
ope at takeoff. The dimensions of the airships are large compared with those of

the aircraft, with the hybrid being somewhat more compact than the fully buoyant.

The horsepower of the hybrid airship is considerably higher than that of the fully
buoyant due to the hlgher drag of the former. The hybrid airship has 724,000 pounds
of dynamic 1ift at cruise in addition to its 1,000,000 pounds of buoyant 11ft Both
airships have 16.7 x 10° ft3 of He.

The weight statements on Table 3 show that the fully buoyant airship and the cargo

aircraft have about the same payload fractions and that that of the hybrid airship
is somewhat Tower. Consideration of the ratio Wpyg /Wpay indicates that the fully

13




Table 3
Vehicle Characteristics

FULLY
BUOYANT HYBRID AIRCRAFT
WgTo, 1000 Ibs. 1000 1724 500
WSTRUC 417 652 163
wPROP 43 90 50
WEUEL 195 497 116
Wpay 345 484 171
CRUISE SPEED*, knots 100 100 462
CRUISE ALTITUDE, ft. o** o** 35,000
LIFTING GAS ’ He He -
GAS VOLUME, ft.3 16.7 x 108 16.7 x 108 -
LENGTH, ft. 1032 658 160
RATED HORSEPOWER 27,700 70,640 —_
RANGE, n.mi. 2700 2700 2700

*CHOSEN TO MAXIMIZE PRODUCTIVITY-TO-EMPTY WEIGHT RATIO
*ALTITUDE CAPABILITY OBTAINED BY PRE-HEATING GAS

buoyant is the most fuel conservative of the three, followed by the cargo aircraft.
It appears that the extra 1ifting capability of the hybrid airship as compared with
the fully buoyant airship is cancelled by jts higher drag.

The operating cost breakdowns for the three vehicles are shown on Figure 2. Consider-
ing DOC first, the elements of depreciation, maintenance, and insurance are seen to
be about the same for all three vehicles. The fuel cost is lowest for the fully

51 LEGEND
g
S
g DEPRECIATION 2
é 4t MAINTENANCE 3
& INSURANCE
§ FUEL 5725
w gl CREW 2z
d
< 10C
g | e B oo GAS
2 | EBEl L] B b REPLENISHMENT
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2 /// 7
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FULLY BUOYANT HYBRID AIRCRAFT

Figure 2
Operating Cost Comparison
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buoyant airship and highest for the hybrid airship, reflecting the fuel economies of
the three vehicles. The crew costs are high for the airships due to their relatively
Tow speed and productivity. As mentioned earlier, the economic assumptions used to
compute the airship DOC's must be regarded as optimistic. Most important of these
assumptions are the high utilization rate and number of crew members (see Table 2).
Use of the cargo aircraft utilization rate and the assumption of continuous pay for
all crew members would give airship DOC values of twice those shown on Figure 2.

The I0C's of the airships are similar to those of the cargo aircraft except for the
requirement for 1ifting gas replenishment. This results in slightly higher I0C's
for the airships. Adding the DOC's and 10C's to get the total operating cost (TOC)
gives values of 6.6, 7.4, and 5.8¢/available ton-statute mile for the fully buoyant
airship, hybrid airship, and cargo aircraft, respectively. Although the depth of
analysis is insufficient to draw conclusions based on small differences, it would
seem that airships are at best marginally competitive with aircraft for the mission
under consideration.

As is commonly believed, airships become more efficient as they become larger, as
demonstrated in Figure 3. The tick marks denote the nominal vehicles of Table 3.

o
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=
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u
<
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%
o]
($)
g st —
B AIRCRAFT AT 500,000 LBS
i
o
-<J 0 1 i I | L i
§ o 1000 2000 3000

GROSS TAKE-OFF WEIGHT, 1000 LBS

Figure 3
Effect of Take-Off Weight

The reason for this trend is not that the empty weight fraction decreases as is often
stated (in fact, the "cube-cube" law implies a constant empty weight fraction), but
rather that the skin friction decreases and the aerodynamic efficiency increases at
the larger sizes. Figure 3 shows that the fully buoyant airship has the same TOC as
the 500,000 pound cargo aircraft at a gross takeoff weight of about 1,400,000 pounds.
The hybrid airship TOC only approaches that of the cargo aircraft at extremely targe
values of gross takeoff weight. At the large airship gross takeoff weights, a point
of diminishing returns is reached beyond which further reductions in TOC are small.
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The fully buoyant airship is superior to the hybrid airship at all values of gross
takeoff weight and both are noncompetitive with the cargo aircraft at values below

1,000,000 pounds.

The sensitivites of TOC to cruise speed for the two airships are shown in Figure 4.
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Figure 4
Effect of Cruise Speed

Also shown for reference is the TOC of the cargo aircraft which cruises at 462 knots.
At lower airship speeds, around 50 knots, the fuel consumption is low and the pay-
load fraction is high. The productivity, however, is very low. At higher speeds,
around 150 knots, the drag becomes prohibitively high and the payload fraction be-
comes low. The result of these trends is that minimum TOC is achieved at around 100
knots for both airships, thus justifying the original choice of this cruise speed.
The figure shows that the hybrid airship is much less sensitive to cruise speed than
is the fully buoyant airship. .

There is a severe penalty for flying at cruise altitudes appropriate for transconti-
nental flights as shown in Figure 5. If the requirement is for a 10,000 foot altitude,
the TOC is approximately double that of the sea level case. At 20,000 foot, both
airships have negative payloads. (Reducing the cruise speed or the range would give
positive payloads at 20,000 feet.) To avoid venting gas, it is desirable to preheat
the buoyant gas to expand it to the envelope volume prior to takeoff.

The effect of range on the total operating cost of the two airships and the aircraft

is shown in Figure 6. The TOC of the fully buoyant airship and the cargo aircraft
increases slightly with increasing range. The TOC of the hybrid airship increases
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more rapidly due to the (elatively high fuel fraction and low payload fraction of this

vehicle. At the longer intercontinental ranges of 5000 n. mi., the hybrid airship is
not competitive with the fully buoyant airship or the cargo aircraft.

Current cargo transport aircraft are frequently limited not by cargo weight but b{
cargo density. Cargo aircraft are designed for a cargo density of about 10 1b/ft°.
For cargos of lesser density, the full payload weight cannot be carried. The effect
on TOC is shown in Figure 7, where it is assumed that the airships are not Timited
by cargo density constraints. The effect on the cargo aircraft TOC is severe, and
at a cargo density of 5 1b/ft® the cargo aircraft TOC is double that of the airships.
Therefore, it may be concluded that airships are more attractive than aircraft for
transport of low density cargo.

| AIRCRAFT

10}
HYBRID

sk FULLY BUOYANT —

0 J F md

0 5 10 ‘ 15

TOTAL OPERATING COST G/AVAILABLE - TON STATUTE MILE

CARGO DENSITY, LB/FT3

Figure 7
Effect of Cargo Density

CONCLUDING REMARKS

The results have shown that airships are marginally competitive with aircraft on
established freight routes. Using somewhat optimistic assumptions for airship
economic analysis gives airship total operating costs which are slightly higher than
those for aircraft. There are, however, several categories of missions which are
potentially attractive for airships, many of which were not considered in this study.
Among these are: (1) transport of low density or indivisable bulky cargo (examples
of the latter would be modular housing or nuclear reactor components); (2) transport
to or from undeveloped sites (exampies are transport of agricultural crops from sites
which have no road or runway access and supply of developing nations); (3) missions
in which the unique features of airships are of use (these features are high endur-
ance and hover and V/STOL capability; the missions include surveillance and intra-
urban transportation); (4) use as special purpose vehicles (examples are an oil/gas
transporter in which the gas serves as the buoyant gas, and a hospital ship for
.disaster relief); and (5) military missions.

18



The parametric results show that airships are highly sensitive to cruise speed and
altitude selection. It is important to select the optimum cruise speed correctly.

It is highly desirable to preheat the buoyant gas in order to minimize the effects of
altitude requirements.

The fully buoyant and hybrid aircraft designs were found to have about the same
economic performance. The extra 1ifting capability of the hybrid is counteracted by
its greater drag. The operating costs being equal, there are some operational
factors favoring the hybrid. The hybrid would have less sensitivity to cruise speed,
superior low speed control characteristics, and greater ease of ground handling as
compared with a fully buoyant design.
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COMPARATIVE AIRSHIP ECONOMICS

Capt. Robert Harthoorn”

ABSTRACT: As future LTA vehicles will be doomed right
from the start if they do not fill a real need, some dif-
ferences in transport philosophy between design engineers
on the one hand and freight forwarders on the other are
discussed. Watching rising costs of energy necessary to
transport our cargo from A to B, and realizing that this
price of energy is always included in the product's
selling price at B, the apparent correlation between
installed specific tractive force per unit of cargo weight
and pure freighting cost are contemplated. Very speedy
and progressive Airship designs are mistrusted by the
author, because the key to any low cost transport tool is
to design it for its given task only, without any unneces-
sary sophistication.

THE BEE AND THE PHYSICAL DISTRIBUTION SYSTEM

It is said that in order to collect one kilogram of honey, the bee
flies an average corresponding distance of twice the equator's length,
and thanks to his faultless computerized communication and balanced
stock-and-distribution systems, not one bee ever flies one meter too
far, and not one gram of honey is lost. Related to our present pat-
tern of transport, this example teaches us in a nutshell how we ought
to perform the so-called Physical Distribution System, which is up to
the present still far away from this ideal situation. As a good

excuse for our human and technological shortcomings in this field, we
may remark that our bee is not tied down to the most numerous and com-
plicated national and international laws governing commercial aviation,
nor the very complex freight rate structures set by the (I)nternational
(A)ir (T)ransport (A)ssociation, delaying customs formalities, politi-
cal barriers, feedering ground transport, etc.

*General Manager, Equipment Control, Holland America Line, Rotterdanm,
The Netherlands

PRECEDING PAGE BLANK NOT FILMED

21




Having all the freedoms of the air, instead of the five freedoms
embodied by the Chicago Convention; and in his own area, not bothered
by other competitive means of transport, the bee flies and lands wher-
ever he chooses and always ships the same commodity from production
center to final destination at only one computed flat through-rate.

Coming to the Airship concept, 1 took this example because, when I

read or listen to the promotion arguments of some Airship designers, I
get the slight impression that the freight forwarder and/or the oper-
ator has to take it for granted that the Airship, figuratively speaking
is going to substitute the bee, and solve all of our transport problems
accordingly.

It is quite human and understandable that any designer,as a specialist,
likes to take pride in a new and sophisticated design, but initially
one has to realize that the Airship is not the only competitive way to
transport paying loads, and secondly, one has to realize that the ship-
per or the paying passenger is the ultimate customer, and it is essen-
tial that these points of view are borne in mind when talking about the
re-introduction of the Airship concept. Original thinkers who want to
break some old habits of transport are badly needed, but it should be
appreciated that there can be only one valid reason for accepting the
Airship concept, and that is if Airship services can perform a profit-

able and useful function.
LAMINAR AIR-FLOWS OR "LAMINAR CASH-FLOWS"?

The varying Airship cost figures supplied up to the moment are rather
frustrating. On this basis one cannot blame the investors' reluctance
to invest a reasonable amount of capital, because he is neither inter-
ested in the difference between laminar and turbulent airflows, nor in
propeller efficiency, but only in "laminar cash-flows" and returns on
capital. This statement may sound a bit unsympathetic in some circles,
but if one accepts that the profits of any businesslike undertaking are
the lifeblood necessary for investments in the future, one has to
realize that the investor wants a sound and reliable cost figure.

THE CAPITAL RETURN FACTOR

The economical crux of the whole matter concerning comparative Airship
economics is embodied in one simple formula. This formula measures the
profitability of an investment in terms of gross net income per unit

of invested capital, called the Capital Recovery Factor Formula, viz.,

AFR - (DOC + 10C) _ = .
Total Invested Capital = 0.15 or 15%

In this formula, the total annual freight revenue (AFR) represents the
product of (average actual loadfactor) x (maximum payload capacity) x
(average blockspeed) x (number of operational hours/year) x (freight
rate per ton/nautical mile). Taking into account the later deduction
of state taxes and stockholders' dividends, we assume that the desired
outcome of this C.R.F. Formula gives the investors the reasonable
figure of at least 0.15, equal to 15%. The designer's responsibility
now is to supply, within the limits of the given specifications, a
valid and controllable breakdown of the direct building and technical
operating cost figures, which are important parameters in the given
formula.
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DETERMINING AIRSHIP'S SHADOW FREIGHT RATE

Presuming that the Airship's shadow freight rate is more or less deter-
mined by the direct competitor in this field, viz.,the present aircraft
carrier, it is essential that the Airship's freight rate be determined
at a price which is preferably at least 30% less than the average
actual airfreight rate applying to the same transport distances.

Taking a very average specific airfreight rate from Amsterdam to New
York, viz., $0.45 per short ton/nautical mile, the average Airship
shadow freight rate will be determined at, let us say, $0.30 per ton/
nautical mile. Considering a long-haul designed Airship, having a
trans - N. Atlantic payload capacity of 300 short tons, and presuming
that the accepted break-even load factor of 0.5 (50%) provides no
capital return at all--which means that total freight revenue equalizes
total costs--we demand a capital return of at least 15%, obtainable at
an average annual load factor of 75%.

Presuming 3,000 operational hours per year, and an average blockspeed
of 80 knots, one may now reach the conclusion that after applying the
C.R.F. formula, the total maximum admissible capital investment may not
exceed the amount of 36 million dollars.

16.2 - 10.8
y
y = 36

= 0.15

This system of approach may be a bit unconventional, but it serves
perhaps the purpose in which way one may assess the commercial viabil-
ity of Airship services.

SPEED AFFECTS THE CAPITAL RETURN FACTOR

I am aware that the notion of speed in Airship cirecles leads to a lot
of disputes; however, to obtain an optimal economical speed for any
given transport device is a rather complicated and tricky business.
Mentioning rigid Airships, sailing up to 150 to 300 knots and more,the
unhappy operator may find himself caught in the financial speed-trap if
he neglects in what way this speed increment is going to affect the
Capital Return Factor.

In other words, taking into consideration that extra fuel to be carried
displaces payload capacity, the total ton/n.m. production may initially
increase to a certain 1imit, but the question remains to what extent
this particular speed does affect the several other parameters of the
C.R.F. formula. It has to be appreciated that "speed boosting' nega-
tively affects the maintenance labor and material costs, utilization
hours, depreciation period, engines building costs, fuel consumption,
and consequently, the Direct Capital Investment.

The positive or negative outcome of the balance will be determined by
the return on capital, after having fed all the known parameters into
this formula; however,some dimensionless parameters will always remain,
such as service, goodwill, marketing policy, etc. We can appreciate
that the Airship's minimum technical speed is determined by the average
prevailing atmospheric conditions. A reasonable increase of speed,
however, may be justified if the Airship, by offering increased sailing
frequencies, also improves her average load factor. Marketing policy,
however, is subject to the operator's responsibility, because the
appreciation of speed depends upon the freight-forwarder's philosophy.
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WHAT PRICE, WHAT FRICTION?

Technically speaking, one easily can increase the power of any small
Volkswagen engine, so as to provide a speed of 100 mph and more, but
the small Volkswagen was not designed and not intended as a very speedy
automobile. The same remark applies to the bulky Airship, which ought
to have a relatively low specific resistance coefficient at cruising
speed, which means a favorable, relatively high lift-to-drag ratio
number. It would be an unrealistic approach to presume that the Air-
ship provides such a high L/D ratio number because she is such a fine
aerodynamically shaped piece of machinery; the simple reason to keep
in mind, however, is that only the heavy Airship is able to sail the
sky with a relatively low service speed, and any thoughtless speed
increment weakens her economical strength.

Let us please not take any given commercial transport device out of its
natural, technical and economical area of environment within which it
can operate. If we want to ship relatively high valued cargo, we do
not object to paying for a iow L/D ratio number, but in this particular
case we would prefer the present pure freighter Boeing 747, which pro-
vides, for a given price, at least a real good speed.

A rather strange sense of humor is needed to believe in very speedy
Airships having competitive freight rates combined with L/D ratio
numbers which lie-in the range between seagoing Hovercraft and the
sleek, supersonic, payloadless Concorde.

IMPROVING L/D RAT1O NUMBER ONLY BY ECONOMY OF SCALE

After doubling the original cruising specd of the pre-war Airship
"Hindenburg" from 68 knots to 136 knots, the very favorable i./b ratio
number of about 44 will drastically decreasc to the rather poor ratio
number of 11. This is even 6 points less than the 1/h value of the
Boeing 747, which flies at about 520 knots at normal cruising specd,
even without the so-called miraculous boundary layer control system.

By applying some elementary formulae determined by nature, onc now hits
to enlarge the original volume 64 times in order to obtain a sun
eclipse, cause by a nearly 13 million cubic meter Airship with suffi-
cient propulsion power to develop 136 knots; but now having regained
the original L/D ratio number of 44; or in other words, having the samc
specific resistance coefficient of the original "Hindenburg."

AL 68 KIOES +vnsennonnnneennennnesnnsnnnseunsses % = 44
At 136 KNOTS.eseesononveonsnns e %ﬁ=%x%=11
At 136 knots/volume X 64......ceeee @ 6;_XXL4D = % = 44

L/D RATIO NUMBER AS A PARAMETER OF THE CAPITAL RETURN FACTOR FORMULA

Pointing to the thesis that the L/D ratio number is inversely propor-
tional to the fuel consumption and directly proportional to the

maximum payload capacity, it will be ‘appreciated that in reference to
the C.R.F. formula, this ratio number has a certain economical signifi-
cance, if one considers the (L)ift as representing the incoming

dollars and the (D)rag representing the outgoing dollars.
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SURFACE TRANSPORT SYSTEMS

As a consequence of our welfare growth and increasing world population,
many types of transport craft with specific designs have to become
available to deal with the growing variety of commodities which have

to be transported in the most efficient way.

If one observes the development of surface transport systems, the
future Airship has to find her place among Ro-Ro-Ships, gigantic 50
knot container ships, gasturbine-driven freight blocktrains, powerful
roadtrailers combined with computer guided traffic systems, waterjet-
propelled fast Hover and Hydrofoilcraft, etc., offering within their
own speed ranges, very competitive freight and/or passenger tariffs.

Now, one may object by arguing that present types of motor vehicles
and trains are relatively slow and that the speed advantage of fast
aircraft, serving European travelling distances, is wiped out by the
time losses caused by too long distances to the airports and waiting
times. Watching the future development of tracked aircushion and/or
linear induced magnetic trains (Advanced Passenger Trains), running up
to 270 mph, one may conclude that the now existing speed gap between
the conventional train and the aircraft at travelling distances
between 200 miles and 1,000 miles can be filled by future A.T.P.'s.

In view of the Modal Split assumption regarding proposed regular pas-
senger services by Airships in Western Europe,it is of some interest
to realize that before the introduction of the Tokaido "Bullet Train"
running from Tokyo to Osaka and vice versa, 26% of the travellers
between these towns went by plane, which percentage rapidly dropped to
a bare 6% after the introduction of this Tokaido Line.

Summarizing those competitive services offered by surface transport in
Western Europe, it seems evident that unless considerable door-to-door
time and total transportation costs can be saved,the regular short
haul freight Airship has small prospect of success in competition with
the relatively cheap surface transportation systems.

Where the journey in W. Europe involves a seacrossing, Airship services

might have certain advantages in saving handling and transferring times
and costs. These advantages, however, are partly offset by the fast
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growing number of Ro-Ro-Ferries operating in the North Sea, Mediter-
ronean and Baltic Area, etc.

COMPARING DIFFERENT TRANSPORT DEVICES; THE DANGER OF CONVINCING FIGURES

T" one wants to sell a special piece of transport machinery, it is no*
ton difficult to find convincing arguments, accompanied by even more
cenvincing figures; the danger with figures, however, is that one can
sweep them together under all kinds of carpets to meet the required
gqualifications. Comparing overall efficiency in terms of transport
capability between different commercial transport devices might be a
useful mental exercise, but only in order to reach some general conclu-
sions. Generally speaking, those comparisons do not produce real
economical usefulness if one omits the Total Cost Concept from door-to-
door, which is the ultimate and decisive marketing factor. Trying to
prove that the building cost per ton structure weight of an Airship
having the same transport potential as the freight Boeing 747 has o De
considerably cheaper than the comparative cost per ton of that particu-
lar aircraft does not impress any investor unless, of course, he wants
to sell this craft for scrap value. In terms of horsepower per ton
All Up Weight (A.U.W.), the average private motorcar needs an in-
stalled engine power of about 100 h.p. per ton and is in this resp=ct
more efficient than the Boeing 747. However, in terms of installed
h.p. per seat/mile it is good to realize that the private automobile is
in this respect one of the most expensive ways of transporting yourself
from A to B, but as we have already stated, there are a lot of other
factors to be taken into account.

By neglecting the total transportation costs, including door-to-door
saving time for a given transportation distance, one may easily jump
into a firancial trap, if somebody convinces you to purchase his train
tickets, arguing that the number of installed h.p. per seat/miYe as
well as his tariff are considerably less than the comparative figures
of your private motorcar. '

** Comparing direct operating costs of two modes of transport, even if
both are operating in the same environmental area, often gives no
clear picture either. One may,for instance,easily draw the wrong con-
clusion that the full container ship in comparison with the conven-
tional dry cargo ship, is so expensive that she could never be
operated on a competitive basis, if one neglects the total trans-
portation cost concept.

PROFIT EARNING PAYLOAD, DRAGGING UNPROFITABLE TARE WEIGHT

Accepting the philosophy that the only profitable work done by any
commercial transport vehicle is the overcoming of the resistance of

the payload in its motive container consequently means in reverse that
each ton of motive payload has to drag a certain amount of unprofitable

resistant deadweight.

To overcome this unprofitable resistance, one can imagine that figura-
tively speaking, each ton of motive payload has to be provided with a
certain amount of tractive force. If we further accept the reality
that the main reason cargo commodities are shipped from seller to
buyer is to make a profit, then this consequently means that any ship-
per wants to transport ealh ton of cargo at the greatest possible
spred, combiizd ot ot oenze wrice for tractive force, which price
of znorgy if : o product's sellin; rrice.




As high speeds are usually in contrast to relatively low specific
resistance coefficients, the following comparison between several modes
of transport (past, present and future) may be of some interest.

THRUST COSTS - DOLLARS

Total installed specific thrust in kilograms to move one ton of pure
profitable payload at service speed, arranged in rising sequence of
their respective resistance coefficients, based on a 100% loadfactor
and taking into account the deadweights of fuel, lubes, stores, equip-
ment, and empty containers, etc.

TOTAL INSTALLED KNOTS/HR
SPEC.TRACTIVE FORCE SERVICE

MODE OF TRANSPORT - IN KG/TON PAYLOAD ~ SPEED
1. Super Tanker "Esso Deutschland"
(Europe - Pers. Gulf Trade) 2.484 kg 17
2. Dry Cargo Ship "Hamburg"
(Trans N. Atlantic Trade) 8.10 kg 19
3. Average Container Freight Train 23.57 kg 38
4. Full-Container Ship (Sea-Land
Galloway) (Trans N. Atlantic Trade) 29.40 kg 31
5. Road Truck (Mercedes Benz LPB/2224 63.36 kg 38

6. Large Airship (Future) Airfloat Trans-*
port Ltd.) (Trans N. Atlantic Trade) 175.00 kg 100

7. Future gidewall Surface Effect Ship*
(C.A.B.% System)(S.E.S.) (Tr.N.Atl.) 229.00 kg 100

8. Freight Hovercraft,,type Voyageur 1 1'73
(Bell Aerospace) (300 km range) 464.00 kg 35

9. Airship "Hindenburg" (1936/37)
(Trans North Atlantic) 518.00 kg 68

10. Boeing 747 F. (Freighter)
(Trans N. Atlantic) 1,002.00 kg 514

11. Heavy Lift Helicopter Sikorsky
S64E (70 km range) 1,534.00 kg 95

12. Supersonic Concorde
(Trans North Atlantic) 5,449.00 kg 1,160

*Captured Air Bubble

GENERAL CONCLUSION

One cannot force the laws of nature, but one can balance them against
each other. '
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Now one may draw a lot of conclusions, but as far as land - surface
transportation is concerned, the freight train makes in this respect a
very efficient mode of transport.

Realizing that the propeller efficiency of the pre-war "Hindenburg'" was
about 67%, it is obvious that she would provide a slightly better
figure,if I had taken the presently accepted gfficiency of 85%,combined

with current building materials and construction methods ,which provide
in turn a more favorable payload weight to structure weight ratio.

Further it may be noticed that the "Econoimmy of Scale" does really pay
off, if one compares the figures of the large Trans North Atlantic
Airship with the relatively small Trans Atlantic "Hindenburg,' which
economy applies also to the surface displacement ships.

In sequence of specific motive forces on a ton payload basis, the large
Airship ranks as number 6 on the list, but arranged in sequence of
increasing service speeds, this large Airship has to be listed between
helicopter and transatlantic aircraft.

In other words, the large Airship needs for each ton of shipped payload
a relatively small tractive force, combined with a relatively good
speed.

Since the Concorde is designed as a pure passenger carrier, it is, of
course, not fair to compare this aircraft with pure freight carriers.

Looking at the heavy 1ift helicopter, one is inclined to believe that
nobody can afford to transport loads with this very expensive carrier,
but the comparison with regular freight carriers is also a bit mis-

leading, if one does not judge the helicopter on her proven merits as

a very specialized transport tool.
AN IMAGINARY HEAVY AIRCRAFT, HAVING A L/D RATIO NUMBER OF 407

If it were possible to scale down the speed of the Boeing 747 ("E") to
about 130 knots the specific motive force per ton payload would drop to
the comparative value of the Sea-Land Full-Containership. As every type
of aircraft is designed for their own speed, this example of wishful
thinking is of course a bit of theoretical nonsense; flying close to
stalling speed with extended flaps makes economics relatively worse
than they are; but what if one reverses this problem by putting forward
"the question,"Will it be possible to construct a heavy plane, carrying
200 tons of payload with a speed of 130 knots and having an overall
1ift-to-drag ratio number of 30 and over?"

The expected answers which I got from some aeronautical engineers were
that this trick could not be done, because the very low loaded wings
would introduce increased frictional drags, structural problems and
weight penalties, etc.

If we accept that the ncurse" which lies upon heavy aircraft is that it
has to induce its own 1ift by considerable forward speed, we have to
accept the Airship as the only natural way to solve this L/D ratio
problem, which consequently means a mechanical, as well as an economi-
cal, restriction as far as the transporting of less valuable commodi-
ties by air is concerned.
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THE (DESIGN) DENSITY STORY

In view of the relatively roomy cargo space of the Airship, one may
safely presume that an Airship is practically always weight-restricted,
which means that if the Airship is loaded to her full permissible
take-off weight, she usually has some cargo space left, regardless of
the average densities of the shipped cargoes.

Referring to several density studies concerning airfreight commodities,
one may draw the conclusion that present aircraft often have a problem
with their cargo design density, which statement also applies, but to

a lesser extent, to the 747 pure freight Boeing. This density problem
often causes aircraft to cube out before they are loaded to their max-

imum permissible payload weight, which causes in turn a loss in revenue
potential.

The reason is that any transport device is essentially a compromise;
building aircraft with lower density design specifications involves
structural weight penalties, or as it is said: "Aircraft cannot afford
to carry air inside their belly holds."

As 9 lbs.per cubic foot is the limiting figure set by present aircraft
between weight and volume tariff (dimension weight rule), this figure
is an important key regarding the economics and freight tariff struc-
tures of future Airship freight services.

COMPETITIVE FREIGHT RATES - LOW DENSITY FREIGHT MARKET

Even if the future Airship cannot provide a reasonable gain in pure
freighting costs regarding high density commodities,she is neverthe-
less highly competitive with present airfreighting, regarding volumin-
ous commodities weighing less than 9 1lbs. per cubic ft. In spite of the
fact that the average '"on dock" density for aircargo lies roughly in
the neighborhood of 13 1bs. per cubic ft., there still exists a huge
market of very low density commodities weighing less than 9 1lbs. per
cubic ft.

These low density commodities represent about one third of the total
world number of air freight parcels forwarded at present by air, which
amounts roughly to nearly half of the total world air freight package
volume. As there is no economical need for the Airship to punish
these lower density commodities by applying the volume tariff, it is
of some interest to be keenly aware of the fact that the future trend
inclines to lower densities of air freight commodities.

TRANSPORTING OWLS TO ATHENS?

Coming to the end of this paper, the dominating factor is the very com-
petitive services offered by other means of transport. However, we
believe in the Airship concept as a basically sound concept, and I
fully agree with other speakers that the Airship, as a specialized tool
has many useful applications, such as transporting heavy and/or indi-
visible loads, etc., in which case the Airship gets paid for the
specialized job to be performed.

If the Airship can decrease the present airfreight rates in order to
reach the commodities on the upper limit of the median value group,she
may indeed have some prospects as a regular long haul freight carrier,
not by trying to transport owls to Athens, but only by carrying selec-
ted commodities over wisely selected routes and distances.
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“ RECENT DEVELOPMENTS IN RUSSIA

It will revolutionize cargo transportation--
She runs on vodka:
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EFFECT OF PRESENT TECHNOLOGY
ON AIRSHIP CAPABILITIES

Robert T. Madden*
Frederick Bloetscher**

ABSTRACT: This paper presents the effect of updating past airship
designs using current materials and propulsion systems to deter-
mine new airship performance and productivity capabilities. New
materials and power plants permit reductions in the empty weights
and increases in the useful load capabilities of past airship designs.
The increased useful load capability results in increased producti-
vity for a given range, i.e., either increased payload at the same
operating speed or increased operating speed for the same payload
weight or combinations of both. ‘

Estimated investment costs and operating costs are presented to in-
dicate the significant cost paraments in estimating transportation
costs of payloads in cents per ton mile. Investment costs are pre-
sented considering production lots of 1, 10 and 100 units. Operat-
ing costs are presented considering flight speeds and ranges.

INTRODUCTION

As the result of many inquiries, Goodyear Aerospace Corporation (GAC) conduct-
ed studies relative to the projected costs for operating basic airships as transpor-
tation system vehicles. Past designs, a larger size of past designs, and the direct
substitution of present materials and propulsion systems for past materials and
propulsion systems were considered in the studies. The studies attempted to be
conservative by not considering heavy take-offs in calculating useful load capabili-
ties or redesigns of the airship to obtain: lower empty weights, aerodynamic lift,
or greater flight speeds. Background on past GAC airship designs, the effect of
substituting present technology on airship performance capability, and a simplified
cost analysis considering investment costs and operating costs of airships as
transportation vehicles are presented.

*Manager, Marketing, Goodyear Aerospace Corporation, Akron, Ohio, U.S. A,
**Senior Aeromechanical Systems Engineering Specialist, Goodyear Aerospace
Corporation, Akron, Ohio, U.S.A. ’
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SUMMARY OF UNITED STATES AIRSHIPS

As part of the studies GAC reviewed past airship designs and their characteristics.
Goodyear has been involved with design, construction, testing and operation of
most of the United States non-rigid and rigid airships. A listing of these airships
is presented in Table I.

Table I - U. S. Navy/GAC Airships*

Dates In Airship Number
Use Class Produced Mission
1931-33** Akron/Macon 2 U.S. Navy Patrol And
Aircraft Carrier
1931-45 K Class 135 Patrol And Escort
1955 ZPG-5K 18 Patrol And Escort
1951-58 ZPG-2(2W) 17 ASW And AEW Patrols
1956-61 ZPG-3W 4 AEW Patrols
1941-47 L Class 150 Convoy/Escort
1947-1972 GZ-(L) Class 10 Goodyear Advertising

*Above listing represents about 75 percent of all U.S. airships built
**Rigids - others are non-rigid or pressurized structures

Goodyear's non-rigid airshil:p production experience versus the characteristic air- *
ship length is presented in Figure 1.
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Figure 1 Figure 2
GAC Non-Rigid Airship Experience Typical Airship Design

The quantities of each size built indicates that most of the experience is with air-
ships 150 to 260 feet in length. The GZ-16 design represents one of the large non-
rigid designs completed by Goodyear for government consideration. Also indicated
is the length of an airship with a volume of 10 million cubic feet. A typical non-
rigid airship design is presented in Figure 9. The airship envelope group is basi-
cally a foldable assembly including the basic envelope, catenary attachments, ca-
bles and ballonet. Components and subassemblies, such as, the nose cone sup-
ports, valves and fans are rigid structures attached to the envelope. The car
group is a rigid assembly of such items as the car structure, engines, controls,
pilot station, cargo bay, etc. The car group is attached to the envelope through
use of external and internal catenary curtains. Assembly of the airship-car to en-’
velope, etc. - is accomplished in a hangar. The envelope is inflated with helium
and a weighted net placed over the envelope controls the envelope distance above
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the floor. The rigid structures are attached to the envelope and corresponding ca-
ble adjustments are made while the lifting envelope is restrained. Once the car is
attached and the ballonet filled with air, the net can be removed. The functions of
the ballonet are shown in Figure 3. :

]
(@&

TAOFF CONDITION (BALLOWEY FULL OF AIR)

]
Gl

INTERMEDIATE ALTITUDE (BALLONET PARTIALLY FULL OF AIR)

_ .
PRESSURE HEIGHT (ENVELOPE FULL OF HELILM

Figure 3 Figure 4
Airship Ballonet Operation During Flight Goodyear ZPG-3W Airship

The ballonet controls the buoyancy and attitude of the airship from takeoff to pres-
sure height or maximum flight altitude. The air in the ballonet is discharged auto-
matically as the airship ascends to allow expansion of the helium gas and the ballo-
net maintains a constant envelope pressure during flight. The ballonet is essential-
ly empty at the pressure height altitude condition. Flying higher than pressure
height results in envelope pressures above design conditions. The ballonet can also
providé static trim in pitch during operations of the airship.

The largest non-rigid airship to become operational with the Navy is presented in
Figure 4. Exceptional performance was attained by the U. S. Navy using the Good-
year ZPG-3W despite bad weather during long endurance station keeping/reconnais-
ance missions. Advanced ground handling equipment and methods were developed
for the ZPG-3W airship that reduced ground crew manpower requirements during
landing, takeoff and mooring. Goodyear believes that large non- rigid airships
should be considered for cargo transportation. The rationale includes:

o Rigids had to be used initially for large sizes because high strength envelope fab-
ric did not exist for non-rigids.

o New and efficient envelope materials are available for large non-rigid airships.
o New materials are:

. Twice as strong as steel for same thickness.
.Six times as strong as steel for same weight.

o Not one non-rigid airship has been lost due to structure or mechanical failure.
EFFECT OF TECHNOLOGY ON AIRSHIP PERFORMANCE CAPABILITIES

The cargo capacity of airships is based on the amount of air they displace, their
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empty weight, the propulsion requirements for cruising speed, and the fuel re-
quirements for the operating distances and speeds. One approach for indicating
their capability is the gas unit-static lift per cubic foot as presented by the horizon-

tal upper curve in Figure 5.
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Airship Unit Weight And Static Airship Useful Load Efficiency
Lift Characteristics

Its value is the difference between air and helium weights at a nominal helium pur-
ity value at 5, 000 feet (0. 0545 1bs /cu. ft.). The next lower solid curve presents
the calculated empty unit weight (weight of airship empty /volume of air displaced
by airship) of airships using past materials and engines. Past and present opera-
tional GAC airships are indicated on the curve for reference. The lowest solid
curve is the difference between the gas unit 1ift and the airship unit empty weight.
This difference is useful load for 2 neutrally buoyant airship and is available for
fuel and cargo. The dashed curves present the same information for airships us-
ing present envelope materials and turboprop engines. These newer materials and
power plants offer a significant increase in useful load compared to past materials
and engines.

Another method of presenting vehicle efficiency is to plot the percentage of useful
load to gross vehicle weight. Values of this parameter are presented for airships
displacing 1 to 10 million cubic feet of air in Figure 6. The solid curve represents
airships made using past materials and engines. The dashed curves represent the
same designs using present materials and engines. Both curves are based on take-
off with a neutrally buoyant airship. The ZPG-3W Airship value and that for a
large cargo aircraft are presented for reference. The effect of ""taking off'' heavy
(STOL) also can increase the value of the parameter. For example the value in-
creased from 31 to 38. 6 percent as indicated by symbols on the figure when the
7ZPG-3W Airship operated in the heavy condition.

From the useful load values, the payload can be calculated versus range for the
different size airships. Payload values at 15 knots cruising speed and 5, 000 feet
altitude were calculated for airships ranging in size from 1.5 to 10 million cubic
feet. The results are presented in Figure 7 using past and present technology con-
sidering only static lift.
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Payload Weight Capabilities Versus Payload Weight Capabilities Versus

Range For Airships Cruising At 75 Knots Range For 10 Million Cu. Ft. Airships
At Different Cruising Speeds

From the useful load capabilities of the airships, presented in the past curves, the
payload capacities of 10 million cubic feet displacement airships were calculated
for 3 different cruising speeds and for ranges to 5,000 miles. The results are pre-
sented in Figure 8. Zero range represents a zero fuel condition. The reduction in
payload weight capability with increasing range is directly related to increasing fuel
weight requirements. For ranges of approximately 2, 500 miles and a reserve of
500 miles, the payload capability can be determined from the 3, 000 mile absolute
range values. Payload capabilities from 75 to 150 tons are available, depending on
the cruising speed and whether past or present technologies are used in the air-
ship's construction. For ranges of approximately 1, 500 miles and a 500 mile re-
serve, the payload capability can be determined from the 2, 000 mile absolute range
values. Payload capabilities of nearly 100 to 160 tons are available.

The value of payload transported in ton-miles , ,
per gallon of fuel is of interest from a fuel L S r T
conservation standpoint. The values for sev- M ks S22
eral cruising speeds were calculated for a sin- g 1 lvs |
gle size airship. The results are presented in e pRESENT TECMOLOSY | T
Figure 9. [ gt
R e |
Values from 10 to 50 ton-miles per gallon are é T e
available on flights with an absolute range of T ety Syt
3,000 miles. Values from 13 to 62 ton-miles E—
per gallon are available on flights with an ab- O aSOLUTE RN, THILSANS OF WILES
solute range of 2,000 miles. The values are
greatest at the lowest speeds and shortest ran- Figure 9
ges. Payload Ton Miles/Gallon Vs
Range And Speed For 10 Million
Cu. Ft. Airships
35 REPRODUCIBILITY OF THE

ORIGINAL PAGE IS POOR




SIMPLIFIED COST ANALYSIS

A simplified cost analysis was made to deter-
mine the costs per ton-mile for delivering
cargo 2,500 and 1, 500 miles using airships
of 10 million cubic feet displacement flying

at 5, 000 feet altitude. [

—_—

The characteristic dimensions for the 10 h 785 FEET
million cubic feet displacement airship based T
on design considerations used with the ZPG- ' -

3W and GZ-16 Airships are presented in Fig-
ure 10. No new design innovations and only
proven fabrication, dimensional and operation-
al practices using present day materials and
engines were considered for calculating per-
formance and costs. The costs are grouped
g.rs invc;?tm%nt and di{ect operating costs in Figure 10

able II. The annual investment costs are <ol 113 .
presented as a portion of initial airship costs Typllc)a_ié 11(;3&111;3? Acx‘i't:lf Feet
for ease of presentation. The direct operat- p 1p
ing costs are grouped into labor and material
costs per hour of flight.

Table II - Preliminary Airship Transportation Cost Model

Investment Costs Direct Operating Costs
Annual Costs Labor Costs/Flight Hour
Depreciation Of Investment Flight Crew
Interest On Investment Maintenance Technicians
Insurance Ground Service Crew
Initial Investment Costs Material Dollars/Flight Hour
‘Non-Recurring - 1st Unit, Fuel/Oil A
10 Units, 100 Units Helium
Spares/Equipment

User investment costs are presented in Table III.

Table I - Annual Investment Costs
Annual Costs (As A Portion Of Initial Investment Costs)
1. Depreciation = Initial Cost - 0. 20 Initial Cost - 0, 080 Initial Investment Costs Per Year

10 Years
2. Interest = (Average Over 10 Years = 0. 040 Initial Investment Costs Per Year
3. Insurance = 0.03 %Avera e Depreciated
Cost For 10 Years) = 0. 018 Initial Investment Costs Per Year
Total - 0. 138 Initial Investment Costs Per Year
Initial Investment Costs - Single, Average Of 10, Average Of 100 Units - 2500 Mile Operating Range
Airship Performance* Unit Costs** Millions
Operating Characteristics Cargo 1st Unit Average For 10 Average For 100
Spced, MPH Range, Miles Tons
57.5 2500 151 27.6 19.7 13.8
86.3 2500 120 28.1 20.1 14.0
100 2500 101 28.6 20. 4 14.3

*Differences In Cargo Capacit, Reflect Propulsion System And Fuel Weights For The Same Size
Airship At Operating Flight peeds To A Maximum Range Of 3,000 Miles.
#*Differences In Costs Reflects Propulsion System Costs For The Operating Flight Speeds.

Annual Investment Costs Per Ton Mile - 2500 Mile Operating Range

Alrship Performance Productivity* Costs;Ton Mile, Cents .
?eratin% %ﬁaracgenstics Cargo Ton Miles éach verage ror verage For
peed, ange,

iles Tons Year Airships Airships
51.5 2500 151 3.47 X 107 7.84¢ 5. 5¢
86.3 2500 120 4.15X 107 6. 68¢ 4.65¢
100.0 2500 101 4.04 X 107 6.98¢ 4, 88¢
~¥Productivity Based On 4, 000 Flight Hours Per Year.
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Annual investment costs consider depreciation, interest and insurance costs. Tax-
es on the user's investment, profit on the user's investment, or initial non-recur-
ring costs to build and certify the first airships were omitted. The initial invest-
ment costs are dependent, mostly on the airship costs. The average recurring
costs for 10 airships (based on 1973 dollars) were used to determine the recurring
costs of the first production unit and for the average costs of 100 production units.
The differences in price between airships with different cruising speeds are relat-
ed to the differences in propulsion systems and nose stiffening costs. The invest-
ment costs per ton-mile were determined from the annual investment costs and air-
ship productivity in ton-miles for 4, 000 flight hours per year. The flight period is
similar to that used for commercial airplanes. Productivity ranges from 30 mil-
lion to 40 million ton-miles per year per airship for flights of 2, 500 miles. The
investment costs per ton-mile range from approximately 4. 65 to 7. 84 cents per
Eion-r(xllile depending on the airship's cruising speed and the number of airships pro-
uced.

Direct operating costs are further defined in Table 1V and are based on the costs of
labor and materials. The cost of labor is calculated from the labor hours per trip
and the hourly rate for the three general classes of labor. The labor costs per ton-
mile are obtained by dividing the labor costs per trip by the ton-miles of cargo car-
ried per trip. The direct operating labor costs run from 1. 87 cents to 2.16 cents
per ton-mile.

The direct operating costs for materials consumed by the airship include: the fuel
and oil, based on the horsepower required for the cruising speed, the cost of re-
placing helium lost due to operations and some leakage, and the cost of spares
based on the hours of flight per year and the airship's initial cost. The costs of
materials per ton-mile are from 3. 03 to 5.75 cents. The lowest value is related
to the lowest speed airship which requires the least fuel and also has the greatest
payload capacity.

The totals of investment and direct costs per ton-mile for 2, 500 mile and 1, 500
mile flights are presented as total operating costs in ton-mile in Table V. The in-
vestment costs are approximately one-half the total costs per ton-mile at the low-
est cruising speed. Increasing the cruising speed reduces the investment costs per
ton-mile and increases the direct operating costs per ton-mile. The optimum
cruising speed for least cost per ton-mile appears to be between 57. 5 and 100 MPH
as the value for 86.3 MPH is less than either. The total costs per ton-mile run
between 10. 5 cents and 14.7 cents depending on how many airships are produced
and their cruising speeds for trips of 2500 miles. The total costs per ton-mile run
between 9. 27 and 13 cents depending on how many airships are produced and their
flight speeds for trips of 1500 miles.

1.4
NOTES:
1. FLIGHT SPEEDS

50 MPH, VOLUKE = 0.2 MEG ATRSHIP

A similar Study was conducted USing [ 80 WPH, ALL OTHER AIRSHIPS

. s = = SHIPS 2. UTILIZATION - 4000 FLIGHY HOURS PER YEAR
past airship designs including their Lt A
original materials and engines. Their W
costs are presented as solid lines in T
Figure 11 in cents per ton mile versus  #%m L \I‘: e
their productivity per year. Both sin- - y};m S
gle airships and fleets of ten airships < bw )
are presented. The curves indicate 1
the desirability of selecting airships of
increasing size over selecting many air-
ships of the same size for increasing
productivity. The operating costs pre- )

0.1 10 100 1000

TEA-0.2 NES

sented earlier of the Single airShipS us- PRODUCTIVITY, NILLIONS OF TON NILES/YEAR

ing present materials and propulsion

systems also are indicated for refer- Figure 11

ence by the dashed curve. Effect Of Airship Size On Ton-Mile Costs
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Table IV - Direct Operating Costs - 2500 Mile Trip

Labor Hours And Labor Costs
Labor Hours Per Trip
Flight Crew (5) = § (Flight Hours + 2 Hours)
Maintenance Technicians = 10 (Flight Hours)
Ground Service Crew = 60 Man Hours, Loading-Unloading - Services

Labor Costs Per Trip And Per Ton Mile
rating Speed Flight Crew Maintenance Ground Service Total § Ton Mi. Cost
Ope M%Hp @$lg5/hr. av. @$10/hr.av. @ $7/hr.av. per trip_per trip Ton Mile’ Cents
51.5 3410 4350 420 8180 378,000 2.16 ¢
86.3 2320 2900 420 5640 300, 000 1.87 ¢
100 2020 2500 420 4940 252, 500 1.95 ¢
Material Dollars - Average For 10 Units
Flight Speed Fuel Costs*, ¢ Helium Costs**¢ Spares Costs*¥* ¢ Total Materials,
MPH ton mile ton mile ton mile ton mile
57.5 0.71 ¢ 1.0 ¢ 1.89 ¢ 3.6 ¢
86.3 2.00 ¢ 0.85 ¢ 1.62 ¢ 4471 ¢
100.0 3.20 ¢ 0.87 ¢ 1.68 ¢ 5.75 ¢

Material Dollars - Average For 100 Units

Spares Costs, ¢ Total Materials,

Flight Speed Fuel Costs, ¢ Helium Costs, ¢
MPH ton mile ton mile ton mile ton mile
57.5 0.71 ¢ 1.00 ¢ 1.32 ¢ 3.03 ¢
86.3 2.00 ¢ 0.85 ¢ 1.13 ¢ 3.98 ¢ .
100.0 3.20 ¢ 0.87 ¢ 1.18 ¢ 525 ¢

* *Fuel & Oil = 42¢/gallon. **Helium = 1 Volume/Yr. At $35 Per 1000 Cu. Ft. *¥¥Spares Per Hr. =
X 10-5 Initial Cost

Table V - Total Costs Per Ton Mile

2500 Mile Trips
Average Based On 10 Units

Direct Costs

Flight S}Feed Investment Costs, ¢ Ton Mile , ¢ Total Costs, ¢
MP Ton Mile Labor Material Ton Mile
57.5 7.84¢ 3.16¢ 3. .
86.3 6.68 ¢ 1.87¢ 4. 47¢ 13.02
100.0 6.98 ¢ 1,95¢ 5."75¢ 14,7
Average Based On 100 Units
Direct Costs
Flight Speed  Investment Costs, ¢ Ton Mile , ¢ Total Costs, ¢
MPH Ton Mile Labor Material Ton Mile
57.5 5.5 ¢ 2.16¢  3.03¢ 10.7¢
86.3 . 4,65¢ 1.87¢ 3.98¢ 10. 5¢
100.0 4,88¢ 1.95¢ 5. 25¢ 12.0¢

1500 Mile Trips
Average Based On 10 Units

Direct Costs

Flight Speed Investment Costs, ¢ Ton Mile , ¢ Total Costs, ¢
MPH Ton Mile Labor Material Ton Mile
57.5 7.40¢ 2.16¢ 3.41¢ 12.97¢
86.3 5. 84¢ 1.175¢ 3.89¢ 11.48¢
100.0 5. 69¢ 1.72¢ 4, 48¢ 11, 89¢

Average Based On 100 Units

Direct Costs

Flight Speed  Investment Costs, ¢ Ton Mile , ¢  Total Costs, ¢
MPH Ton Mile Labor Material Ton Mile
57.5 5.20¢ 2.16¢ 2.87¢ 10.23¢
86.3 4, 06¢ 1.75¢ 3.46¢ 9,27¢
100.0 3,98¢ 1.72¢ 4,07¢ 9.71¢

REPRODUCIBILITY OF THY
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One method of determining whether a vehicle is competitive for transporting cargo
in a new region is to compare its transportation costs versus the costs of develop-
ing an all weather highway and using standard highway vehicles. A short road, 100
kilometers, was chosen for comparison. All the costs for the road were charged
against the transportation system. As can be seen by the curves in Figure 12 the
annual investment costs for the road alone exceed the vehicle associated costs un-
til 100 million ton-miles of cargo are transported per year. Airship costs using
past and present materials and engines are indicated by solid and dashed curves
respectively. For productivity rates of less than 100 million ton miles per year
the airship is candidate transportation vehicle because of the annual road costs.

6,250

ANNUAL INVESTMENT COSTS FOR 100 KM ROAD
OF $6.25 MILLION/YEAR

1,000

AIRSHIP VYOLUMES

CENTS
TON MILE
100
ONE-0.2 MEG
ONE- 1.5

ONE - 2.8 MEG

i
10 ONE - 10 MEG

TOTAL COSTS

ROAD + TRUCKING S5 18
Cu. FT.

0.1 1 10 100 1000
PRODUCTIVITY - MILLIONS OF TON MILES/YEAR,

Figure 12
Comparison Of Transportation Costs Considering Investment Costs
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CONCLUSIONS
The following conclusions were drawn from the results of the studies:

1. Present materials and propulsion systems can meet the requirements of all
the basic airship designs investigated.

2. Use of present materials and power plants in these conventional airship de-
signs increases their productivity and makes them attractive candidates for
transportation missions, i.e.,

- all sizes are attractive where the regions infréstructure is undevel-
oped

- the largest size airship is attractive for transporting low density

cargo even where the regions infrastructure is developed
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AIRSHIP ECONOMICS

Richard D. Neumann¥
L. R. "Mike" Hackney%¥

ABSTRACT: This paper will deal with projected operating
and manufacturing costs of a large airship design which

is considered practical with today's technology and en-
vironment. It will be based on data and information de-
veloped during an 18-month study by the Southern Cali-
fornia Aviation Council, Inc. as to the question of feasi-
bility, engineering, economics and production problems
related to a large metalclad type airship. It will pro-
vide an overview of other classic airship designs and
explain why metalclad was selected as the most prudent and
most economic design to be considered in the 1970-80 era.
Crew operation, ATC and enroute requirements will be
covered along with the question of handling, maintenance
and application of systems to the large airship.

Few of man's contrivances have held the continued capacity to awe
people as have the airships. Even today in the era of the C5A and 747,
blimps are a main attraction in the sky. It is unfortunate that our
national approach for bigness is equated with expense and often makes
us lose sight of the economic advantages as experienced with the
supertankers, jet aircraft and industry.

It is well known that supertankers of 200,000 tons are more cost pro-
ductive in movement of oil than a 20,000 ton tanker. 1In aeronautics,
aircraft were sold by economics and reliability starting with the
DC-3 which cost 5 cents per passenger mile, the DC-6 which cost 2.5
cents per passenger mile, to the present wide bodies which currently
operate at costs of 1.5 cents per passenger seat mile.

*Chairman, Lighter Than Air Committee, Southern California Aviation
Council, Inc., Technical Task Force, Pasadena, California, U.S.A.
**President, Hackney & Associates, and member Southern California
Aviation Council, Inc. Technical Task Force, Pasadena, California,
U.S.A.
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The airships left us almost 40 years ago, yet continually are pro-
posed on a cyclic basis. The span between those cycles becomes pro-
gressively shorter and commences with vast claims for its unique
abilities or economics. The massive problems of the past are elimi-
nated with the stroke of a pen and the all encompassing words "New
Technology." While in some respects this may be true, claims are
damaged by half vast science fiction approaches to technology. As
the cycle advances, glowing magazine and news media reports issue
forth exclaiming in expansive phrases the benefits soon to accrue to
mankind, transportation, manufacturers, ecology, environment and pure
science.

There is perhaps no other man-made and conceived machine so capable
of generating such loyal support, boundless enthusiasm, deep emotion
and the utter lack of common sense of what it is and what it is not.
No other form of transportation has received so little financial
interest as the airship, except commercial sailing ships of recent
years.

In Germany Graf von Zeppelin, a man who had an idea and put it to
work, is the classic of achievement in the face of adversity. Initial=
ly putting his own capital into his idea, something few will do today
in the most prosperous nation in the world, he gained some limited
success and ran out of money which is a common end to most dreams.

Two lotteries later, courtesy of the King of Wurtenberg, he developed .
his first successful military financing. We may well wonder if Las
Vegas might not become the future financing empire for our aerospace
industry. It has certainly applied more imagination to attracting
things and doing things than many of our other sources.

Airships of the days gone by were victims of a variety of maladies
created as a byproduct of the violation of natural laws and planning
without adequate foresight. The airship holds a distinctive safety
record throughout its history totaling 758 dead, of which 497 were
military combat fatalities. It is symptomatic of our society that
today we will spend 9 million dollars to burn the "Hindenburg" all
over again for a motion picture, to continue the myth that airships
are unsafe, while funding for any aspect of airship technology cannot
obtain first class postage financing.

The world rose in outrage over environmental problems that affected
the health of all. It was a different story when it affected their
autos, fuel and pocketbooks. The airship appears to offer many unique
benefits in the environmental area without creating a cavity in the
national pocketbook. Railroads in the northeast were granted 2
billion dollars and it was recognized as being too little too late.
Safety in rail transport is almost non-existent with continued acci-
dents, fatalities and losses of property.

Within ten years almost 50 percent of all United States existing rail
trackage will be abandoned at the request of the Federal Department of
Transportation. Most of this will be in the agricultural sector of
the nation. Truckers are planning to pick up the slack at a prohibi-
tive price tag to all of us who use the highways.
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Plans have gone forward to build trucks which will comprise two or
three units, expanded from 12 to 14 foot widths and over 120 feet long.
In a very few years of this event, our national highway system will be
a sea of broken concrete from coast to coast. We will be forced to
fight for available roadway with these giants. Air traffic and air-
craft have little to go before saturation points are reached and which
have already caused a high degree of public disaffection with security
checks, lack of parking, baggage losses and traffic delays at over-
crowded airport facilities.

Similar to a truck traveling fixed highways that reach New York,
Chicago or Cleveland in the rush hours, airplanes must compete for
available air traffic roadways into the airport, or in reality the
funnel. It is here that most major accidents take place, both on the
road and in the air, and our system breaks down. It is here where
unimaginable future traffic jams will occur. It is here that the
imagination of America's genius of industrial and scientific expertise
must concentrate. Additional airports can be built at a major incon-
venience to passengers and at a 1974 cost of 1.5 billion dollars for
an intercontinental and 500 to 700 million dollars for a regional air-
port. Additional freeways and expressways will be built with their
related massive population dislocations and at a cost of several
million dollars per mile of concrete.

Compare this to the potentials possible if we think in terms of air-
ships. Safety, a most important consideration, would seem to be
answered by the past record of airships when hydrogen was not involved.
With helium one must consider the dramatic effects of a collision
between two feathers.

Engineering, design, construction, all questions continually raised
about the airship, are expanded upon to a degree that is not con-
sistent with reason and logic as related to problems. Supertankers
today are larger than what we would consgider big in the average air-
ship. Costs certainly will be consistent with what is required to
engineer tankers of 200,000 tons or less.

Ability to serve and perform within economic and safety requirements
is possible. Have we lost our touch in the United States? Until the
airship we never let anything deter us from being a success. Signifi-
cantly the challenge could be picked up by other nations and credit
will go to their ingenuity and engineering. Germany, which proved the
concept, lost out only because of a little man who set the world on
fire.

Ask yourself, are the risks worth the gamble and do they justify the
development of the airship? Are arguements made by many proponents
~and opponents valid? Does the airship have the capacity to make the
quantum jump that is expressed so often? If it does, to what degree
does real potent1a1 exist?

Since the time the airplane has shown promise, California has been
interested in aviation and has helped develop it as a useful transport
means. The introduction by independent airlines of low cost coach
service has resulted in air transportation being our primary transport
industry after the private auto.
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Concurrent with the airplane, california was also the home of Lighter
Than Air development which commenced with Captain Thomas Scott Baldwin
and Roy Knabenshue's pioneering experiments with dirigibles in Pasa-
dena and the San Gabriel Valley. Their efforts resulted in a light-
weight aero engine being pioneered and a variety of dirigibles were
puilt, flown and tested on what is now the site of the Rose Bowl. The
relationship between aerospace and the military can be traced to
Captain Baldwin's sale of his airship "The Signal Corps" to the U. S.
Army a year pefore the Wright Brothers managed a similar purchase.

In 1911, Calbraith P. Rogers completed the first transcontinental
flight in a Wright flyer, the Vin Fiz, specifically making a landing
in Pasadena to collect a $10,000 award at the site of Tournament Park,
the present location of Cal Tech. Tt was to California that Lindbergh
came to buy a Ryan monoplane specifically redesigned for the flight

to Paris.

In California the DC-3 gave birth to a long line of Douglas transports
and provided the competitive incentive that shrunk the world from
weeks and days to hours. It was from california that man started his
first steps to the moon and space.

It seems, therefore, that after the years of controversy over the air-
ship, and its unique capabilities, that Californians will look into it.
They will determine that it was something that was overlooked much
like the gattling gun of 100 years ago, only to become a major weapon
again.

Based on the era of the airships and their successors, the blimps, it
appeared that the answers should pe forthcoming and that a plentiful
supply of data and detail would be available. The southern California
Aviation Council, Inc. founded in 1958, has pioneered major studies to
determine both the adequacy of existing airports, future needs and
regional considerations. It is a quasi—official,volunteer organi-
zation based in Pasadena and is funded by county governments of
Southern California. Its charter is proad and permits it to act and
engage in any and all aspects of aviation which affect Southern Cali-
fornia.

In 1971 SCACI commenced a program to seek better methods of moving
perishable products. The Lighter Than Air Committee was a direct
result of the impasse in this area, to evaluate the vast claims being
made for the airship. Its purpose was to determine what data was
available and whether the airship holds a potential to solve
California's transportation problems.

Early in the study it was apparent that much emotion as well as a lot
of misinformation was involved in any effort to examine Lighter Than
Air objectively. Federal interest in the subject was non-existent to
‘a surprising degree. Many comments made by federal officials indicat-
ed a complete ignorance of the subject and characterized an attitude
that anyone investigating LTA was an immediate candidate for the lock-
up. One official characterized LTA engineering and development with a
bland, "Everything there is to know about Lighter Than Air was known
in the first 50 years of this century,” and accordingly "Tt's a matter
for the Air Transport Association and the private sector." Many of-
ficials have indicated substantial interest, put ask that they not be
mentioned for what are obvious reasons. There is, however, government
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interest which could surface with efforts to provide sound and in-
telligent approaches. As the effort continued adverse attitudes
diminished and genuine interest and outside help was gained. Many
organizations are interested in the subject.

The consistent factor associated with this interest is the wide
divergence of backgrounds that are represented and the lack of nos-
talgia as an attraction, but rather commercial and scientific interest.
Among this group are people who had backgrounds on the rigid airships,
the Navy blimps and indeed a few associated with the R-100 and R-101
of England, a former German pilot of World I who served several
hundred hours on the Bomber Zeppelins, military officers on active
duty, along with some very distinguished people in aerospace.

One immediate result was access to private files and obtaining data
that could well have been lost forever. Long forgotten papers and
designs were located. Films of airships were salvaged and materials
and artifacts catalogued for future examination. A reasonably firm
foundation to examine the engineering, design, economic and practical
aspects of the airship has been obtained.

Pertinent to any such examination, many claims by proponents are ill
conceived and unsupported by factual record and factual data. Many
problems associated with airships are products of imagination as well
as fact. There are other aspects of the airship overlooked and/or
glossed over by proponents, that have limited foundations which
require more examination. Expansive claims for pollution elimination,
fuel conservation and ultra heavy lift must be subject to critical
questioning though there is some credibility to many of the claims.

Before any honest evaluation of a program can be conceived and ad-
vanced there must be determinations of the economics. SCACI produced
a major study on the subject and economics involved. Taking 18 months
overall, conclusions support further exploration of the airship
concept. The question of whether the airship will be developed must
be founded on the basis of its economic viability and operational
capabilities as a transport, military or logistics mode.

A conclusion reached by the Lighter Than Air Committee of SCACI is
that further feasibility studies are not required to substantiate
additional stuyding of the airship concept. It is SCACI's conclusion
that future activity must be directed to a moderately sized research
vehicle investigation. SCACI believes a moderately sized vehicle of
at least 3.8 million cubic feet in displacement will provide the

basic criteria. This vehicle's development should be, it is suggested,
a joint government/industry program to explore and develop the concept.

There are many factors related to the development of safe, efficient
and economically feasible airships. The factors relate not to the
airship itself, but to the systems applications which must be applied
to make it practical.
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DECIDING ECONOMIC FACTORS

To provide a foundation for basic economics of airships, certain
factors are known. There are classic type airships and advanced con-
cept types. Adding lately to the confusion is the addition of the
hybrid. The latter will not be covered for a variety of reasons, but
mainly it is suggested if you are going to build an airplane put wings
on it and fly it like an airplane. If it is to be an airship, efforts
to place wing and lifting foils are counterproductive, if one assumes
that all other problems have been overcome relating to gas expansion,
size and altitude.

The development of airships and their history will be presumed to have
been well covered. It should be noted that anyone interested in
Lighter Than Air must become well versed in the history of the subject
as well as the past engineering accomplishments and mistakes. We
allude to girder/fabric airships of the 20's and 30's as evolved from
the basic Zeppelin concepts, the pressure ships of fabric and the
ZMC-2 and SMD-100 metalclads.

The Graf Zeppelin was without question the most successful airship.

American efforts ended in disaster, mitigated to some extent by the

use of helium, but nevertheless resulting in the loss of 3 of the 4

rigid airships. One, a German commercial design, ZR-3, was surveyed
for a combination of political and economic reasons well in advance

of its lifetime, long before being broken up.

The second most singularly successful rigid type airship was the
metalclad ZMC-2. It is given little credit for its achievements
because of its diminutive size and lack of general knowledge that it
was the first and only airship designed specifically for experimental
reasons. It developed necessary criteria and data for future larger
metalclad designs.

Early in the SCACI LTA Study it was apparent that to develop airships
on the basis of engineering of the 20's and 30's is doomed to failure.
Lying in wait are the same causes that eliminated the airship concept.
Examination of the fabric pressure ships indicates similar potentials
for failure with large sizes and indeed further examination disclosed
that this was a primary cause of the cancellation of fabric pressure
airships by their single customer. Elimination of semi-rigid airships
is based on fabric ships if application of metal hulls was applied.

Any transport system's acceptance is controlled by the degree of
safety of the system and this applies to the airship. No airline
passenger would willingly board a flight if the known odds were 8 to 1
against reaching the desired destination. As long as odds remain one
in 10 million in favor of his getting there, he will fly. This
standard is applicable to auto, rail, ship or bicycle.

The history of the rigid commercial airship lends confidence to
potential voyagers whether as crew or as passenger. The history of
pressure airships has a record of safety not achieved by any other
form of transport. There is an added factor, speed or the time and
distance factor. Sightseeing from a blimp is a desire of many people,
more than there is capacity to carry.
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Flying a continent or ocean is another matter, when measured in days
compared to hours by jet. The fabric airship is speed limited with
its maximum speed well under 100 miles per hour. The girder/fabric
rigid airship has the capability to reach 100 mph sustained speeds,
but its safety is questionable, and is sustained by results now re-
corded for history. How does technology overcome these factors which
are supported throughout transportation history?

One of the very early determinations by the LTA Committee is that
regardless of design technology the rigid classic airship will retain
complete vulnerability to the elements. It was further indicated
that in spite of the excellent capabilities of Dr. Eckener and his
associates, very capable training and excellent ‘ability to handle
airships, that they were aware of this failing. Every effort was made
to avoid major frontal conditions or risk destruction and potential
accidents. The fabric airship offers a better safety factor in this
regard, with some hard data remaining of very extensive Navy efforts
in 1958 to prove, and they did conclusively, that airships were not
fair weather vehicles.

SCACI efforts are now directed toward examination of all metal air-
ships, capabilities, safety and ruggedness. The ZMC-2 fully supports
the theory of metalclad airships. For general purposes it was small
and experimental. Unfortunately no civilian use was made to examine
its unique capabilities. It proved, however, the soundness of the
concept.

One man who sought to seek out and prove some of its rugged capabili-
ties, Captain Bill Kepner, later ILt. General Kepner of the USAF, in
1930 requested permission to operate the ZMC-2 in storm conditions

of the nature that destroyed the Shenandoah. Captain Clark, USN,
then in command of Lakehurst Naval Air Station, denied permission.
Even today General Kepner states that the ZMC-2 was the strongest
airship ever built and certainly capable of taking on any major storm
without fear of destruction.

SCACI recognizes that there are many who will take umbrage at the
suggestion that rigid airships and fabric airships are limited and
cannot fulfill the claims, illusions or science fiction approaches
of many airship proponents. We recognize that a few will scoff at
the all metal airship as being impractical and not being in con-
formance with their ideas and proposals. Be that as it may, we can
only suggest that they study the subject further.

To SCACI metalclad construes plastic and other space age materials
of lightweight and substantial strength. We have selected this path
because speed is a major criteria and the fabric ships cannot match
the speed demanded in modern day transportation. Life span is im-
portant and fabric cannot exceed an 8 to 10 year life at which point
its deterioration extends to a high danger point. Fabric is size
limited as was evidenced in the SPG-3W series. If airships are to
become viable they must be large by a factor of 20 over the SPG-~3W
types.
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Girder/fabric airships consist of an internal structure which is
designed to carry all the aerodynamic, stress, torsional and payload
distribution. It was conceived to carry internal gas cells. Ex-
ternally, a fabric covered airship required both constant attention
and replacement and must be made taut after or during each trip.

W. A. Klikoff in his paper "Pressure Airships," presented at the Fifth
National Aeronautic Meeting of the ASME in Baltimore, Maryland, lMay
1931 says it better than SCACI can.

"pDesign Conditions and Factors of Safety" -- In the present
design of rigid airships a rather peculiar systen of fac-
tors of safety is adopted. Factors of safety of 4 and
higher are used for static loads, but when the aero-
dynamic loads are superimposed, then the designers do not
increase the structural strength in proportion to the
increase of load, but increase the structural strength

only to some extent which causes decreasing of the factors
of safety. This practice is justified by the fact that
conditions of superimposing both types of loading occur
less often and the effects of higher loads on the structure
will be less. For this reason airship designers are
satisfied to drop their factors of safety to as low as 2,
and sometimes even smaller for the worst loading conditions.
This method of design may give the operating personnel a
false sense of security, making them overconfident in the
strength of airships under normal flying conditions, and

in case of emergency they may treat the airship without

due caution, causing perhaps a breakage of structure and
severe disaster. Several airship accidents were traced to
this cause by some of the experts.

AND

This hogging bending moment and this longitudinal force
due to gas head pressure are present in all airships. In
rigid airships there exists another factor due to gas
pressure. Whereas in non-rigid types the transverse
component of pressure produces uniform transverse tension
in the covering, in rigid airships this transverse com-
ponent acts as a side load on longitudinals, complicating
their design by loading them with side load combined with
direct stresses due to the bending of the whole airship.
This loading condition of longitudinals tends to explain
why gas pressure is often called a liability in the case
of conventional rigid airships.

AND

The gas-head pressures due to the properties of lifting
gas produce forces and moments reaching such magnitudes
that the airship designer should undoubtedly try to uti-
lize them as much as possible to his advantage. The
longitudinal force is the most helpful one because it
tends to produce a uniform tension throughout the
structure, and all materials used in airships can carry
much higher tensile loads than compression loads."
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While Mr. Klikoff presented that paper over 43 years ago his analysis
is still correct. All metal airships offer some unique advantages to
the airship concepts operationally and have substantial economic ad-
vantages in manufacture.

All metal airship designs are simple compared with others. Metal
airships will pay a penalty if sized too small. As they grow in
displacement dnd size, advantages start to outstrip those of other
types. Metal is capable of resisting higher pressures and high
loadings. Fabric is limited. Metal such as aluminum applied to the
large metal airship costs 85 to 95 cents per square yard, while fabric
costs at least $10.00 per sqguare yard.

Fabric airships must approach the investment and development deprecia-
tion costs on the basis of 8 to 10 years, while the metal airship has
no assigned minimum life span at this date. If the DC-3 is used as

a comparative, the metal airship could take on eternal connotations.
The major advantage of the metal airship is that it can uniquely be
developed for high speed flight at speeds of 200 mph and higher.

A favorable economic aspect is that in aerospace we are metal workers
with resources, knowledge and capability to fabricate shell type
structures economically through mass production techniques. One
factor of the metal airship is that its size, while posing some
problems also permits simplification of construction methods.

The conclusions drawn by SCACI are that airship design, manufacture
and life-span if predicated upon metal designs, will be practical
from the economic, manufacturing and operational requirements. To
follow classic methods of the past will be to place impossible
burdens in the path of development and costs beyond comprehension.

ECONOMIC FACTORS OF AIRSHIP DESIGN, MANUFACTURE AND OPERATION

Design ©

While it is not readily available to researchers there is more than
adequate design and engineering material available to eliminate the
necessity of starting from scratch on airship engineering. Sub-
stantial detailed analysis of the ZMC-2 and follow-on engineering
projects for larger sized metalclads has been compiled and upgraded
at SCACI. Obviously each group that creates a design idea will
incorporate their individual identity and engineering concepts. Some
diligent investigative and exploratory research will provide a bounty
of material. It is for the investigator to determine his path to
follow as SCACI and its people have followed the path of the metal
airship.

Approaching the subject with the large amount of excellent data
available will permit reasonable approaches to determining projected
costs. Whether interested parties can obtain their objectives at
reasonable cost will be determined by their interest, persistence and
ingenuity.
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Manufacture

It has been the style recently to seek funding for programs based on
double the estimated cost while hoping that it will not end up costing
triple the estimate. It is anticipated that some organizations may
use this approach. We would like to make, however, some suggestions
which we believe are valid with respect to manufacturing costs.

Airships were built for almost 40 years. The primary cost was for
engineering and design, not fabrication or manufacture. A comment
was long ago made that airplanes breed like rabbits while airships
breed like elephants. History does not support such a conclusion.
Count Zeppelin and his organization produced airships in World War
One at a faster rate than we can produce 747's or C5A's, time and
facilities taken into account. The later history of airship manu-
facture and fabrication after World War One indicated that every
airship built was constructed, erected and inflated in what must
amount to record time for the small working crews involved. Goodyear
employed fewer than 140 people, including engineers, when the ZR-4 and
7ZR-5 were being built. Slate Airship employed a group of 40 people
and construction time was less than 100 days. The Zeppelin works
employed some people who were engaged in a variety of other tasks, as
well as airship construction. gMC-2 was built with less than 40
people.

Methods exist and the investigator will find them if he looks. New
methods are being developed at present with indications of great
promise of short fabrication times and economies of mass production.

Airship Tooling

Metal working tools are available in quantity which can readily be
applied to airship construction. Tooling is available at what amounts
to scrap metal prices. The airship does not require complicated and
sophisticated tooling set-ups. Tool and die makers will be necessary
for basic metal tooling and are competent to do the job. Expensive

R & D tooling development programs are not required. Even the hull
itself will not require excessive expense in special tooling. Special
jigs will be fabricated by the erection crews and engineering task
force from common materials. In short, the process of building and
maintaining airships requires far simpler tooling than required by

fixed wing aircraft.

Airship Operations

There are known quantities in the airship which relate to operational
costs. Powerplant requirements and fuel consumption charts can be
developed with a reasonable degree of accuracy and be directly related
to costs per mile, per hour and per ton mile. Past practices of em-
ploying massive engineering crews will be eliminated in design
planning. Flight crew complements are suggested to consist of 2 men
on small units and 3 men on large units. Additional crew members
would be added as determined by flight time planning to serve as
relief crew members, as is done in current Air Carrier services today.
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The compacting of control consoles will relieve crew and pressure, a
major determining factor in fixed wing operations. Addition of
current navigational and communications electronics simply reduce
pilot pressure. The use of closed circuit monitoring systems allows
the flight engineer far more reliable systems operation and control
than is possible with on-board service personnel. Crew costs can be
projected accurately, taking into account time aloft, duty time, pay
raises and inflation.

Landing fees, facilities, ground support equipment, mooring and
handling equipment are all determinable quantities and only the
exercise of judgment is required. Future expense measured against
presently known expense will provide an index. The above are
calculable with reasonable accuracy.

UNKNOWN ECONOMIC FACTORS OF OPERATION

At present even with the best of educated guesses certain cost factors .
will enter the picture, from commercial and military aspects that are
not projectable with a high degree of accuracy.

The cost of manufacture is directly related to depreciation schedules
and the cost of engineering. This cost while projectable if using
airframe manufacturers as an example, can vary considerably from
design discussion to actual delivery. Educated guesses are possible
but remain to be proven conclusively. They will be a major factor in
determining the economic viability of airships.

Major overhaul and servicing requirements may remain a partial unknown
until actual operations and several hundred thousand hours are accumu-
lated to provide basic data. Known factors relating to powerplants
are projectable with a high degree of accuracy. There may be some
unknowns related to hull overhaul and major section replacements as a
result of metal fatigue in some structures. Much of this can be
accurately estimated prior to manufacture, but there remains the
potential for error.

Airships, if commercial operation is considered, will pose some very
unusual insurance considerations. A projection was made based on the
experience of the Hindenburg. The SCACI projections may provide at
least a long needed starting point.

Helium Gas and Hydrogen Gas

Helium is recognized as being the safer alternative, although it is
believed that metal airships can operate with both gases with almost
equal safety. Helium currently costs $35.00 per 1,000 cubic feet,

FOB Kansas. Hydrogen can be obtained commercially in bulk at 65 cents
per 1,000 cubic feet at present. The lift factor, while a major
inducement to consider hydrogen is not as substantial an inducement as
the wide disparity between the costs of the gases. The fast breeder
reactor poses a potential to produce substantial amounts of helium as
a by~product. A cost determination to separate helium from natural
gas as opposed to the cost to separate it from radioactive particles
as a by-product has not been studied and is needed. It may prove that
helium will be abundant and cheap, a major consideration for future
airship economics.
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Hydrogen is a major economic consideration if it in part becomes a
fuel source for .future airships. Consideration of such use has been
made, but not as related to costs and economics of airship operations.
It is another area of study currently underway at SCACI.

Carriage of ballast is a restriction pertinent to airships. Most sea-
going ships must operate in ballast after discharging their cargo.
This does not appear to pose a problem which cannot be eliminated from
operational considerations. It does not appear as significant a
problem as it has sometimes been represented. Considerable efforts
are being directed to this question. The primary question is economic

and carriage of ballast does not seem to pose major economic re-
straints on the airship.

The Purpose of Economics

For 40 years the arguements have raged and they show no signs of
diminishing or of being proven or disproved. Evidence exists that the
airship can meet the economic tests necessary to include them in our
transportation system in day to day activity. Evidence also exists
that airships have proven less than durable in the face of adverse

weather.

In the United States every airship puilt differed significantly from
every other and the results ended in disaster. In Germany, airships
were built in series and achieved a high degree of success both
operationally and economically. To continue to study the airship as

a concept will only further add to the confusion about what they are
and what they are not, what they can do and what they cannot do, what
they will cost and what a waste it would be to develop the concept.

In recent months indications are that several small airship designs of
impractical payload considerations may be constructed. This, while a
step in the proper direction, does not mitigate the many other
problems associated with airship potential or problem areas, if indeed
it does not further damage the image of airships conclusively.

SCACI believes the airship deserves development in the form of a
series of prototypes which can be adequately flight tested and can be
developed for special purposes. The design must be simple and utilize
the vast knowledge gained from the past combined with proven technical
developments of the last 40 years.

Some interesting hybrids have been proposed and may hold some promise
for future research but the prototype we propose has got to work and
that means maximum utilization of things we know right now.

Prototype development will be essential to a program to establish
learning curves of management, manufacture, design, systems develop-
ment, training and operational procedures and standards. Prototypes
must be considered as an expendable item to apply modifications and
newly gained knowledge and not be expected to solve all the problems
upon the first flight. This has too often been the case in the past.
This objective is the present goal of the SCACI Lighter Than Air
Committee and its Technical Task Force. We hope the near future will
bring a realization of this goal.
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N76-15021

SOME _ECONOMIC TABLES
FOR AIRSHIPS

Richard D. Neumann¥*

ABSTRACT: During the course of the Southern California
Aviation Council study on Lighter Than Air it wac de-
termined that some form of economic base must be developed
for estimation of costs of the airship. The tables are
part of this paper. '

During the course of the first study on Lighter Than Air by the
Southern California Aviation Council, Inc. it was determined rather
quickly that little material was available to make a proper economic
determination of the airship. What does exist is fragmentary, or
ancient and not applicable.

Application of construction techniques and manpower, materials, power-~
plants and personnel if considered in current technology, would leave
the airship as only an anachronism. It was, therefore, essential to

determine some of the characteristics of the airship as it will be in

the immediate future and its method of manufacture, operation, and
administration.

*Chairman, Lighter Than Air Committee, Southern California Aviation
Council, Inc., Lighter Than Air Technical Task Force, Pasadena,
California, U.S.A.
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The following tables were developed and used as guides to the overall
study of the airship’'s economics. We have not provided the entire
study since it is weighted by many conclusions of the SCACI group that
others may not agree with. In determining manufacturing costs the use
of cubic displacement was applied rather than cost per pound and ton
of airframe. The latter may also be acceptable and use of both could

provide an excellent cross check of the manufacturing economics.

Crew costs were not included because SCACI operations and flight
people have very definite ideas of what would comprise a CIew and what
would not and these estimates would certainly not agree with what has
been past practice or suggested by airship proponents of late. GSA
and general operational practices are considered closer to seagoing
operations than to air transport, but this too may not agree with pre-

conceived ideas, and was not included.

We hope that these tables will act as a guideline and permit further
efforts to go forward to truly provide a reasonable economic basis
upon which the airship can be viewed objectively. One need only
remember that air transportation and global access in hours has only
existed for the 16 years since the jet transport.

We have a long way to go in aviation and it may pe fitting that the
airship will be among those future advances. Future passenger
exposure to the airship will certainly have a pearing on its future,
as profoundly as the ability of the jet to eliminate vibration and
give the feeling of living-room comfort at 450 mile per hour speeds. "’

It has been man's dream and also his major necessity to develop
transportation and communications as vital to his well being and sur-
vival. The airship appears to offer massive gains if it can be
adequately managed to reduce transportation costs measurably and at
the same time provide greater operating freedoms and access to cargo
or passengers than any other form we use today, airplanes, truck,
ships, helicopters and barges.

Arguements over the questions of the handling, mooring survivability
and applications of the airship pelie that innate ability that lies
within the aerospace industry worldwide to solve problems of immense
magnitude and achieve great advances which have jed to space, the moon
and now the galaxies. If the economics are correct or within reason
then it is necessary to get on with the job and prove it by an
operating product on which further refinements can be made and

determined.
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N76-15022

A _STUDY OF DESIGN TRADE - OFES
USING A COMPUTER MODEL

Stephen Coughlin*

ABSTRACT: The paper is an extension of previous work
undertaken by the author. It studies the interaction .
between the efficiency of the structural design and the
cost of the structure used; and shows that future effort
is best directed at producing a low cost structure of
medium efficiency, but with the ability to withstand
normal service wear. The paper then goes on to study the
trade-off between aerodynamic drag and structure weight in
selecting a length to diameter ratio for the hull, and

to evaluate the implications of power plan type and fuel
cost on the economics of the airship. As a final study
the choice of 1lifting gas is considered.

Introduction

The development of technological research into vehicles such as large
airships is in itself a complex problem. Whilst working on 'new"
vehicles of this type, the design engineer is unable to fall back upon
the benifits of past development and operational experience. This
means that those responsible for directing the research effort have a
problem in separating those areas of airship technology requiring
extensive effort from those that can be considered of little or no
importance.

In order to surmount this problem a cost model was developed at
Cranfield, which allowed us to study the impact of varying key design
parameters. It permitted sensitivity analysis to be undertaken in
order to produce a simple ranking of problem areas.

* Research Officer, Cranfield Institute of Technology, Cranfield,
England

PRECEDING PAGE BLANK NOT FILMED
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The results produced from the initial model were published in a
previous paper (ref 1), a summary of which is given in table 1.

$ change in operating
cost

Parameter Initial Assumption -50% +50%
Altitude 3,000 ft -4% +4%
L/D 6. -22% +22%
s.f.c .47 1b/HP/hour -4% +7%
S.W .5 1b/HP -1% +0%
min t .06 inches -47% +70%
F 1.27 +108%
Transmission
efficiency .85 -10% +12%
Max Speed/
Cruise Speed 1.1 -5% +27%
Utilisation 5,000 hrs +55% -14%
stan 10% -15% +17%
Vehicle life 10 years +46% -14%
Structure cost £20,000/ton -40% +42%
Gas cost §30/1000 ft3 -4% +3%
Power piant £20/HP -1% +1%
Fuel cost £20/ton -3% +5%
Crew wages £140,000 -4% +4%
Maintenance 4% first cost -9% +9%
Insurance 19 first cost -3% +2%

* Ratio taken as 1

TABLE 1
A SUMMARY OF THE SENSITIVITY ANALYSIS PRODUCED IN REF 1

structure of the Model

The earlier model has now been improved in those areas shown to be
critical in the previous study in order to provide greater clarity,
with the hope that it will show where future research would be best
directed. It must be stressed at this point that, although the
philosophy of the model is based upon a conventional design process,

the results produced here are intended to illustrate critical areas

and Key variables rather than suggest an ideal design.

+
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A simplified diagram of the model is shown in figure 1. The model

is structured to allow all the individual variables to be varied
independently or jointly, to cater for "trade-offs" to be studied.
The input to the model, once it has been set-up, is the route capacity
in tons/year, range in miles and the flight altitude in feet. The
speed is then determined for the lowest operating cost within the
constraints applied.

SCALE FOR HULL FORM

| .
e

MAKE WEIGHT ESTIMATE
P |

>
. ESTIMATE SIZE

CALCULATE POWER REQUIREMENT

|

DESIGN SHELL

REESTIMATE WEIGHT BREAKDOWN

ESTIMATE COST

IF NOT MINIMUM CHANGE SPEED

IF MINIMUM

FIGURE 1 - MODEL STRUCTURE

Decision Criterion

The criterion chosen for the evaluation was that of minimum fare
level for a set rate of return. This was chosen on the grounds that
a freight system is purely commercial, social inputs being small,
and the ultimate decision would therefore be on commercial
possibilities.

Method of Analysis Used

As all parts of the system are as yet undefined, it was necessary to
consider it in a mathematical form, representing each component as an
input to the operating cost. The form of the mathematical model so
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produced was then optimised for minimum operating cost as follows:

A tcchnology assessment techﬁique based upon Net Present Value

The net present value (NPV) of any project is given by

=n

, -2
weS [ a0 ]t

=1

‘where

¢ is a year in the projects life
n is the 1life of the pfoject
Ce is the net cash flow
- C_ is the first cost

0
r is the interest on capital

1f the cash flow is assumed smooth (ie there are no discrete
payments all are smoothed throughout the project's life

then the equation can be simplified to give

-n
(1 + 1) - C

1

NPV = C.| 1 o

Putting Cg¢ = c.-GC

T c
and C, = T x F
where
C, is the cash revenue/year,
Ce. is the cash cost/year
T 1is the system capacity/year
and F is the charge per unit capacity/trip
gives -n
NPV = (TxE - C_) 1 - (1 +r1) - G,
T
66



as an optimum it can be taken that NPV = O, allowing the relationship
Co + C.

F =1
T [1- (1+r)‘]“

by
This now provides a simple relationship between the cost of a system
in terms of its total first cost (C.), its operating cost (C.) and its
fare level (F). (This is easily modified for systems that have
components with different book lives, but for simplicity in this
example, they have all been assumed constant).
Evaluation of Co and CC
a) Considering the vehicle only;

The major first cost (Co) components are

1) Structure Cost
2) Lifting Gas Cost
3) Power Plant Cost

and the major annual cash costs (Cc) were assumed to be

4) Fuel
5) Crew Pay
6) .Repairs

7)/ Insurance

Table 1 shows how these may be described in terms of vehicle
parameters

Function Of Major Parameters

Structure Cost Weight of structure W, u
Lift Gas Cost airship volume \'
Power Plant Cost installed power . S, u
Fuel Cost fuel used S, u
Crew Pay assumed constant
Repairs ) assumed to be a C
Insurance percentage of first cost °

where = size of airship

W
u = speed of airship

V = volume of airship = f(W)

S = surface area of airship = f(W)
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Hence all components of the vehicle are some function, in this
simple case, of vehicle size and speed.

Analysis of Vehicle only

Using this theory and inserting the necessary engineering relation-
ships, it was possible to derive an iterative technique (fig 1) that
gave a solution for the optimum design where :

dF = 0
du .

The Datum Situation

It is impossible in a paper like this to cover the full range of
options available. For this reason a single specification has to be
chosen to act as the datum situation and, unless otherwise stated,
the assumptions should be taken as given in table 2.

The following is a list of the basic assumptions used in the
assessment, together with the justification for these assumptions.

Assumption Value
Tons/year ‘ 150,000

Range ' 1000 miles
Life ‘ 10 years
Operational altitude 5,000 ft
Length/diameter ratio 6. |
Specific fuel consumption .47 1b/hp/hr
Specific weight of power plant .5 1b/hp
Minimum practical value of te .06"

Reserve fuel . 33%

Power plant cost _ £20/HP

Fuel cost ’ . £100/ton
Crew wages ' £140,000
Maintenance cost 4% first cost
Insurance cost 19 first cost
Interest on capital 20%

TABLE 2 ASSUMPTIONS USED IN STUDY

STRUCTURE

As a first step in the study a totally unconstrained analysis was
undertaken. Structures of various efficiencies and ranges of costs
were studied, the results of which are shown in figure 2. The
structural efficiency is reflected by the equivalent shell thickness
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.20 «

.15 4
OPERATING 40,000
COST
£/TON MILE .10 - 30,000

STRUCTURE
COST £/TON

.05 -

5 CRUISE SPEEDS - MILES/HR

v v

.02 .04 .06 .08
te - inches
FIGURE 2 UNCONSTRAINED SOLUTION
which is given by

te = Total Structure Weight x 12

Density of Duraluminium x Surface Area
te is in inches and other units in pounds and feet

From figure 2 it can be seen that in the unconstrained situation the
results produced are trivial. The low equivalent thickness would not
have any resistance to hail impact or bird strikes of the lowest
magnitude. Those shells that do have higher equivalent thicknesses
are discounted by the low optimum cruise speeds associated with them,
which are incapable of providing an acceptable level of aerodynamic
stability.

The study was repeated with the solutions constrained to a minimum
speed of 50 miles/hour and a minimum equivalent shell thickness of
.06 inches. This resulted in a set of solutions all of which lie
along one of the applied constraints. The results of this study are
shown in figure 3.

Analysis of figure 3 shows a number of designs all above the .06

inch constraint, but with speeds of 50 miles/hour. When these
solutions were studied in greater depth the structural efficiencies
which related to the designs were found to be so low as to make them
trivial solutions to the problém. This implies therefore that all the
useful solutions lie on the minimum equivalent thickness constraint
had optimum speeds increasing from 50 miles/hour to 70 miles/hour.

The speed increased linearly as the structure was used more efficient-
ly from 50 miles/hour to some constant value, dependent upon the
structure cost assumed, the higher the structure cost the higher the
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) .ZO* .12
.10"
.15 ° , 09"
OPERATING :
COST , 08" te
§/TON MILE .10 4
.o7"
.06"
.05 _

4 5
STRUCTURE COST £000/TON

FIGURE 3 CONSTRAINED SOLUTION

the steady state value of the optimum speed. The reason for this is
that for cost effectivness the more expensive structures have to be
used more efficiently. Hence, to off set the increased cost of the
structure the design becomes smaller and faster, as structure cost
increases. Figure 4 shows the value of these steady state results

for optimum cruise speed.

[y
[o%]
w

80 W
te min
70
STEADY STATE
SPEED
MILES/HR 60 1
50 T

1 2 3 4 5
STRUCTURE COST £000/TON
FIGURE 4 STEADY STATE SPEEDS
The Minimum Equivalent Thickness Constraint

From the results already produced, it becomes apparent that the
equivalent thickness constraint is a key area. The production of a
light weight design which is also resilient enough to withstand
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rigorous service conditions is difficult. Experience in structures
of this type is completely lacking and the possibility of achieving

a minimum value of .06"™ is unknown. A value of .1" has also been
considered, therefore, and the results are included in figures 3 and 4.

Implications of the Structure Study

This study illustrates the unique problems of designing airship
structures. It shows quite clearly that high efficiency structures
have no major role to play in the shell design of conventional
airships, and the need is for practical structures, the major
constraint being the ability of the structure to withstand general in-
service knocks. The future lies, therefore, in producing low cost
structures of medium efficiency, weight being a second order problem.

This lies in contradiction to present aircraft design philosophy,
where weight saving is a major criterion, and the use of materials
such as titanium and carbon fibre reinforced structures is common-
place. In designing an airship shell there is a need for low density
structures, not to reduce weight but to allow greater thicknesses to
be used in order to increase resilience to damage. At the same time,
however, costs should be low whilst strength is a problem of the
second order. Structures that provide possible solutions to this
requirement are glass fibre structures or foam supported structures.
Thought must also be directed towards varying the design of the
conventional rigid airship in order to introduce some of the
requirements already outlined.

The same problems are also relevant to the production of the hull.
The structure should be robust enough to allow simple handling
during construction, since any special requirements will only
increase production costs. This could lead to a situation where even
the simplest of structures could be highly expensive due to high
handling cost.

In conclusion to this section, it would seem that, with the relativly
small variation in operating cost for changes in equivalent thickness
at the low structure costs, as shown in figure 3, a weight penalty
could be accepted provided the use of heavier structures assist in
reducing production costs. With this in mind, it is recommended that
future research should be directed at producing a structure with a
low equivalent thickness but with the major constraints of being able
to be easily and cheaply produced and to undergo normal handling in
service and during production.

LENGTH/DIAMETER RATIO

Closely related to the previous problem is the choice of length/
diameter ratio of the hull. The selection of the optimum value
requires a trade-off between the structure weight and the skin
friction drag.

Drag

In order to relate the drag to the length/diameter ratio the follow;
ing drag relationship was used:

Drag = q SD CD
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where q is the dynamic pressure
Sp is the wetted drag area

and Cp = .03 ?1 + 1.5 + 7
R1; 7 _.”1§/2 ‘.-"1{? 4
E ’H§ ‘\a-

(Source - Ref 2)

The results of this study are shown in figure 5.

.20 1
1000
.15 |
OPERATING RANGE - MILES
COST i 000
$/TON MILE .10 -
3000
.05 1
0 2 4 6 8 10 4/,

FIGURE 5 VARIATION OF LENGTH/DIAMETER

From this it can be seen that the optimum ratio of length to diameter

is 2.5,
value is based on a trade-off of fuel cost

gives no consideration to stability.

and that this value is independent of range.
and structure cost and
In selecting the final value it

This optimal

will be necessary to consider the requirements of directional

stability, which is likely to increase the value.

FUEL AND POWER PLANT

Although it was shown previously (Ref 1) that the choice of power

plant and the cost of the

airship economics,

fuel were not critical areas in terms of
it was decided that, with the rapid increase in

fuel prices that has occured, the problem should be reassessed.

Fuel Cost

In order to study the effects of fuel cost on cost effectiveness,
designs were undertaken to fulfill the same requirements.
a typical value for two
value representative of present
of the designs are given

had a different fuel cost; the first £20/TON,
years ago, and the second £100/TON, a
high fuel costs. The major characteristics
in table 3.
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FUEL COST £20/TON £100/TON

OPTIMUM MAX LIFT 1170 TONS 1490 TONS
OPTIMUM CRUISE SPEED 77 MILES/HR 51 MILES/HR

OPERATING COST £.026/TON MILE £.03/TON MILE

TABLE 3 EFFECT OF FUEL COST
The results illustrate how rapid changes in costs can modify past
results. Fuel cost has increased from a minor variable to a major
variable, and has caused a marked decrease in the optimum speed.

Power Plant Choice

The importance of the fuel cost is also reflected in a study of power
plant characteristics. The importance of specific fuel consumption is
Clearly seen from figure 6, the specific weight of the power plant
having very little importance by comparison, (values of specific-
weight from .5 to 5 fall on the same curve).

.051
OPERATING
COST
£/TON MILE
.04 4
.03 1
v L L]
1 2 3
SPECIFIC FUEL CONSUMPTION LB/HP/HR
FIGURE 6 EFFECT OF POWER PLANT
REFERENCES:

1. Coughlin S., An Appraisal of the Rigid Airship in the UK Freight
Market, Cranfield CTS Report 3, Cranfield Institute of Technology,
England. (March 1973).
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AN ECONOMIC COMPARISON OF
THREE HEAVY LIFT AIRBORNE SYSTEMS

Bernard H. Carson*

ABSTRACT: Current state of art trends indicate that a
T0-ton payload helicopter could be built by the end of
the decade. However, alternative aircraft that employ
LTA principles are shown to be more economically attrac-
tive, both in terms of investment and operating costs
for the ultra-heavy 1ift role. Costing methodology
follows rationale developed by airframe manufacturers,
and includes learning curve factors.

In this country, we have about a decade of experience with helicopters
designed for the heavy 1ift role; at present, ten tons of payload can
be transported from one random point to another and this capability
has already made an impact in military operations, and the construc-
tion and logging industries, to name a few more notable applications.
A wide variety of other uses have been found that, taken together,
assure us that the heavy 1ift helicopter has become an acceptable,
and in some cases a unique solution to some of our complex trans-
portational requirements. But, as experience is gained, payload
limitations are becoming rapidly apparent, and it is logical to look
beyond the present in an effort to identify the options that exist in
advancing current heavy 1ift technology.

This paper deals with the economics of heavy 1lift systems, but in a
sense, it may be viewed as a technology assessment presented in an
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economic framework; economics and technology appear to be somewhat
inseparable. It is also fair to point out that the subsequent text
deals with direct economics of design, development, construction and
operation of heavy 1ift systems, and makes no attempt to address the
indirect economic benefits that will almost certainly accrue in a
variety of future heavy 1ift applications; that aspect is left to
other authors whose efforts, appearing concurrently with this one,
will treat this subject in some depth.

For this study, we have chosen three such systems. The first is an
extrapolation of current, or near-timeframe heavy lift helicopter
technology to a fifty-ten payload machine. The second is .the hybrid
Aerocrane as proposed by A1l American Engineering Corporation, also
of fifty ton payload capacity. The last is a device that is an
admixture of Lighter Than Air technology and existing helicopters, as
proposed by Piasecki Aircraft. None of these systems exist, or are
likely to in the next few years, even if work were to be begun at
once on some or all of them. In economic forecasting, a "few years"
may be an an unacceptably long time, considering present inflationary
trends; nevertheless, conclusions reached on the basis of comparative
costs should be relatively immune to this effect.

Baseline Lifting Capability

Mostly as a matter of convenience, but with some rationale, the pay-
load to be held common to these three systems is established at fifty
U.S. tons (100,000) 1b). A1l American Engineering Company has effec-
tively sized such a machine (F-1) and conducted a comprehensive
design study Wuring the course of their general feasibility efforts,
and it thus seems appropriate to view this effort as a logical begin-
ning for purposes of comparison. From a military standpoint, a

fifty ton sling load is an all inclusive capability, except for the
main battle tank and the heaviest mobile artillery pieces. In com-
mercial applications, a fifty ton payload seems also to satisfy most
requirements excepting large nuclear reactor components, and very
large tree harvesting operations. Other baseline parameters will be
developed subsequently, appropriate to the aircraft under considera-
tion.

50-Ton Heavy Lift Helicopter Point Design

Since the best U.S. production helicopter to date has a design pay-
load of 12.5 tons, it is necessary, before becoming greatly exercised
about a 50-ton HLH, to establish that such a machine is technically
feasible within the constraints imposed by near-time airframe and
gnging technology. It is to this end that the following assessment
is made. :

Much effort has gone towards the advancement of helicopter technology
in the past thirty years or so, but remarkably few helicopters have
been designed from the outset with the heavy 1lift role in mind; what-
ever else may be said, the Soviets have been completely dominant in
this field (see Table I) although the first ultra-heavy 1lift
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helicopter appears to be the Hughes prototype YH-17 (1952) (called
the Sky Cranel) which had a design gross weight (DGW) of 52,000 1b.,
and a lifting ability of 27,000 1b. Subsequently, in the U.S., we
have developed helicopters having payloads in excess of 10 tons (the
CH-53, 54 series) while in the USSR, the Mil-series designs, which
started in 1957, appear to have peaked out as long ago as 1969, when

- the MI-12 set a world payload record by lifting 34.2 tons to an alti-

tude of 2,000 meters. Present on-going efforts here are centered
about the U.S. Army-sponsored Heavy Lift Helicopter, the Boeing-
Vertol prototype presently under schedule to fly in 1975. This air-
craft has a design payload of 22.5 tons and features a great deal of
advanced materials applications as a means of keeping the structural
weight fraction within bounds2.

TABLE I

F.A.I. Heavy Lift Helicopter Records:
Greatest Payload Carried to 2,000 Meters

Date Aircraft Load
17 Dec 1955 YAK-24 (USSR) 4,000 Kg (8,818 1b.)
11 Oct 1956 HR2S-1 (USA) 6,010 Kg (13,249 1b.)
30 Oct 1957 Mil-6 (USSR) 12,004 Kg (26,464 1b.)
23 Sep 1961 Mil1-10 (USSR) 15,103 Kg (33,296 1b.)
13 Sep 1962 Mil-6 (USSR) 20,117 Kg (44,350 1b.)
6 Aug 1969 Mil-12 (USSR) 40,205 Kg (88,636 1b.)

It is in fact the growth of structural weight fraction which stands
alone as a chief concern when contemplating large aircraft of any
description. For baseline estimates, the square-cube law may be
invoked. But in practice, this produces an overly-pessimistic pic-
ture since many aircraft components (e.g., flight instruments and
avionics) do not scale up with aircraft size, and other major com-
ponents ‘such as engines have not historically followed this scaling
law due to continuous improvements in state of art.

It is interesting, and as it turns out, highly instructive, therefore,
to examine what sparse data exists on "scratch-built" heavy 1ift
helicopters as a first attempt to determine the trend of empty weight
fraction as a function of design gross weight.

F-2 summarizes this effort, revealing what appears to be a remarkably

- simple picture of structural weight growth for large helicopters.

Two distinct trends are evident, one for the Soviet and the other for
U.S. efforts. Study of these trends indicates some significant
aspects. First, it can be seen that the Soviets gave high priority
to the development of large helicopters as far back as twenty years
ago. The Mil-6, which first flew in 1957, has a design gross weight
of 93,000 1b. and a payload in excess of 30,000 1b., both figures
roughly double the best U.S. effort to date. Then followed the Mil-8
and the Mil-10, which first flew in 1966. With this technological
base, they were thus evidently encouraged in 1965 to begin the
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development of an ultra-large machine. This resulted in the Mil-12,
which first flew in 1969, and, after a series of improvements, estab-
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0f greater significance than its impressive size, however, is the

i

ndication that the Mil-12 is, or rather was, the largest helicopter

payload configuration that could be developed within the constraint
of their structural weight growth trend. To see this, it is only
necessary to translate this trend into an approximate analytical

e

xpression, i.e.,

= 5
We/W° = 0.54 + 0.10W0/10
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where We’ WO are the empty and design gross weights; and defining

"payload'" to include not only useful payload, but crew and fuel
weights, then Wp/w0 = l-We/Wo, and there results

_ ) 2,.,5
W, = 0.46W - 0.10W /10

which shows that there is a value of W_ that will produce the maximum
payload. This simple model predicts tRat payload to be 53,000 1b,
corresponding to a design gross weight of 230,000 1b. This may be
compared with data taken from Ref. 2, which lists the DGW for the
Mil-12 at 213,000 1b. and a design payload of 55,000 1b. It is thus
tentatively suggested that the Soviets had, in 1969, designed the
ultimate load-1ifting helicopter allowable within their technology.
In keeping with their structural weight growth trend, a 50 ton pay-
load helicopter would have been quite out of the question.

The U.S. experience in heavy 1ift helicopter design shows a better
structural weight fraction trend than the Soviets, probably because
the early lack of comparably large shaft engines demanded that
greater attention be given to detailed structural design. This has
also had the effect of providing incentives to develop weight saving
materials (e.g., composites) for secondary structural applications.
In any event, whether this trend can be maintained (or better yet,
reduced) for U.S. helicopters of arbitrary size is a question that
cannot be answered at the present. Assuming that this trend were
maintained, however, we find, by application of the above rationale,
that the maximum payload is about 78.5 tons, at a DGW of 560,000 1b,

Thus, while we have not 'proved'" that there is an upper limit to a
U.S. helicopter payload, we have, through this exercise, been
encouraged to believe that a 50-ton payload helicopter is not a
technical impossibility, at least according to current U.S. struc-
tural weight growth trends.

For present purposes, then, it is assumed that this trend well repre-
sents a technically feasible configuration in the 50 ton payload
range, and, with a 10% payload allowance for fuel, sizes out nomi-
nally to be a 260,000 DGW helicopter having a payload (including
fuel) of 110,000 1b. This gives a structural weight factor of 0.577.
With this as a base, the 50 ton HLH sizes out fairly rapidly by using
fixed component weight fractions and disk loadings for the Boeing
Vertol HLH as a reference. Assuming a 22% rotor overlap, a 228’
length emerges for a tandem rotor configuration, based on a 128'
rotor diameter. This was determined3 by .assuming a rotor figure of
merit of 0.78. A total of 30,000 SHP is required for this aircraft,
allowing for a mechanical transmission efficiency of 0.95. Four
engines of the Allison T701-AD-700 type, or its derivatives, should
suffice. This engine is rated at 8,075 SHP, and is currently under
development for the Boeing Vertol HLH. F-3 illustrates the compo-
sition of empty weight fraction for the two aircraft.
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The Aerocrane concept as proposed by All American Engineering Company
is described elsewhere, but for completeness, a brief description is
included here.

As shown in F-1, the Aerocrane consists of an aerostatic sphere that
supports a set of equitorially mounted, cruciform wings. In opera-
tion, this assembly is rotated by wing-mounted engines and propellers.
With this arrangement, aerodynamic 1ift is developed on the wings
that adds to the aerostatic force so that 1ift can be controlled in
the hovering mode. Control is directed from a non-rotating cab
supported by the main structure. In the proposed fifty-ton version,
the useful load divides in a roughly equal way between aerodynamic
and aerostatic 1ift. In additionm, all structural weight of the
aircraft is supported by the aerostat, which has been sized for that
purpose. Wing (or rotor) incidence is both cyclically and collec-
tively controllable, so the aircraft hovers and translates in much
the same fashion as a helicopter, except when the overall buoyancy
of the system is positive; in this case forward flight is obtained
by tilting the aircraft backwards, and using negative 1ift to propel
the craft at constant altitude. For system parameters used in this
study, the reader is referred to Ref. 4.

"Gargantua" (see F-4) is the name adopted by the Piasecki Aircraft
Corporation to describe a heavy 1ift device that is engagingly

simple; it places no demands on state of art, and could presumably be
built almost immediately with relatively low technological risk. As
can be seen, it consists of a large rigid airship hull built along

the lines of the Akron/Macon design, except that all engines, controls
and other subsystems have been transferred from the hull to four
helicopters attached to the 1ifting envelope by two CrOSSOVET, or
nsaddle'" beams. In principle, the aerostatic 1ift of the hull com-
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ensates for the entire dead weight of the system, which includes the

asic hull and saddle weights, and the fully-fueled helicopter weights
as well. The total helicopter 1lift (equal to the DGW of the four
helicopters) can then be used for lifting and propelling the system.
In the configuration shown, this would amount to about 84 tons, cor-
responding to four CH-53D's.

As with the Aerocrane, a separate paper on this subject appears con-
currently with_this one, to which the reader is referred for addi-
tional details>®.

Cost of Gargantua - Since no rigid airships have been built for about
40 years, there is no relevant experience base whatever on which to
draw in terms of unit airframe costs. The AKRON, having a gross
weight of 460,000 1b., cost $5.3 million, about half of which went
into tooling and hangaring costs, since her sister ship, the MACON,
cost only about $2.6 million. During construction of these craft,
vast amounts of hand labor were employed at rates that were cheap
even by the standards of the era, since the depression was then in
full swing. It seems fairly certain that this construction philoso-
phy would not prove profitable, or perhaps even possible in the
present age. A comprehensive study, performed by a task force of
design engineers, manufacturing specialists, and costing experts, is
probably required to determine the optimum capital investment in air-
frame fabrication machinery, as weighed against labor costs as can be
foreseen in the 1980 timeframe. On the other hand, the traditional
rigid airship structure is highly parts-redundant, suggesting that a
diverse subcontracting approach that made use of the excess capacity
of major airframe manufacturers might be a productive option. If
this were done, a reasonable first estimate for unit airframe costs
might be $10-$20/1b. (typical "low technology," i.e., light aircraft
figures) the higher figure probably the more appropriate one initi-
ally, with costs tending toward the lower figure as experience was
gained. This would put the cost of the basic Gargantua airship hull
at somewhere between four and eight million dollars.

As for the helicopters, it may be supposed that surplus military air-
craft (if they exist) would be used on a "proof of concept" proto-
type, but a serious commercial or military venture would surely
require new aircraft, probably in the $3-8 million cost category,
depending on the extent of modification required to existing designs,
and whether they werg intended to operate in the helicopter (as
opposed to the completely captive) mode part of the time. Allowing
for fail-safe interconnects, winching equipment and other auxiliary
gear, initial production Gargantuas might cost as little as $20
million, and as much as $40 million, or thereabouts. Until the
Gargantua proposal moves past the concept and into the preliminary
design phase, more energetic attempts to pinpoint its development,
production, and operating costs appear to be futile.

Costing Methodology

The remainder of this paper is concerned with the generation of esti-
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mates for the costs associated with the acquisition and operation of
the remaining two aircraft.

In general, aircraft costing methodology follows an application of
established trends based upon mission requirements, cost analyses of
existing designs, historical trends, state of art potentials, and
complexity factors. The actual process of generating total costs for
a given configurational design then depends on the "order of esti-
mate" appropriate to the study phase. To clarify, first order-
estimates of acquisition costs can be obtained from relatively

simple microscopic cost trends. Independent variables appropriate to
this order are speed, range, payload, gross weight, installed horse-
power, number of aircraft produced, and so forth. As the design
evolves, individual components and subsystems begin to crystallize

in terms of size and weight, and second-order estimating rationale
can be applied (with liberal amounts of computer time) to provide a
more refined estimate of total costs. Table II indicates an example
of the informational detail necessary to proceed with this costing
phase. In the terminal design phase, estimates become interwoven
with reality (mostly as a result of prototype experience) and cost
estimating is confined to design change practices.

In a paper of this scope, it is obviously not possible to develop
cost figures much beyond the first order level of estimation, al-
though an attempt has been made to apply second-order rationale for
the Aerocrane and the 50-ton HLH where possible. The data base used
for this studg 9erives from studies conducted by several airframe
manufacturers®,’ for the U.S. Navy, but it necessary to point out
that neither these data, nor the conclusions thus reached in the
present study represent the official policies of the Department

of the Navy.

TABLE II

Typical Second-Order Cost Estimating Factors
(shown for illustration only)

Dollars
Component Per Pound

1. MAIN ROTOR GROUP 81.3
2. WING GROUP 99.5
3. TAIL ROTOR 100.0
4, TAIL SURFACES 24.7
5. BODY GROUP 99.5
6. ALIGHTING GEAR 46 .5
7. FLIGHT CONTROLS 115.0
8. PROPULSION GROUP TREND

etc.
Effect of Production Numbers on Manufacturing Costs - In proposing

new aircraft, major airframe companies speak of a learning curve, or
a price-quantity relationship that accounts for the fact that, during
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a production run, many cost-reducing factors will materialize that
act to steadily decrease the unit aircraft cost. As an example, the
first production aircraft (actually the tenth actual aircraft, allow-
ing for preproduction prototypes) might cost $10 million, a figure
that historical trends and other data might predict to be halved at
the 100-aircraft mark. According to a linear-legarithmic relation-
ship, this predicts that the tenth production aircraft should cost
about $8 million, hence the term '"80% learning curve'" that would be
cited in this instance. The production rate influences this figure
significantly, mostly due to the effect of fixed costs that must be
written off during production8; a half-rate might change this figure
to 85%. But the important aspect to note here is the profound effect
that production numbers have on average unit costs. With an 80%
learning curve, the average cost is anut 64% of the tenth aircraft
cost, if 100 aircraft are produced; this figure further diminishes

to 35% if the total production is increased to 1000. Another bene-
ficial effect of production numbers is, of course, in the unit
amortization of development costs.

Since it is difficult to envision heavy 1ift aircraft of whatever
description being produced in numbers greater than several hundred,
the basis for estimating production costs has been set at runs of one
hundred and two hundred aircraft, in an attempt to illustrate this
effect. In so doing, we have assumed an 80% learning curve. Current
trends indicate this figure to be on the low side.

Development Costs - Airframe manufacturers' data® and a study of cur-
rent trends indicate a development cost of $380M (1973 dollars) for
the 50-ton HLH. This assumes the use of developed engines and
avionics. For purposes of comparison, a separate study (1971) per-
formed under U.S. Army contract estimated development costs for a
24-ton HLH at $535M, which included $90M for engine development, $60M
for a new rotor test facility, and $30M for avionics development.
Therefore, our figure appears to be the correct order of magnitude.
For the Aerocrane, a figure of $163M has been developed, which
includes allowances for developmental problems in engine installation,
and the design and development of propellers that will be required to
match engine performance with the low speed environment. This figure
is considerably in excess of that predicted by All American Engineer-
ing.

Flyaway and Investment Costs - For this study, the flyaway cost is
taken as 110% of the production cost, which includes net profit and
marketing costs, such as ferrying and crew training. To this is
added another 20% which, to the order of accuracy sought here, repre-
sents the initial spares allocation, which is comprised of 50% of the
basic engine cost, and 25% of the basic airframe and equipment costs.
Both the Aerocrane and the HLH appear to be well represented by this
approximation,

Table III summarizes the total acquisition costs for the two air-
craft, as a function of production run.
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TABLE III

"Acquisition Costs Vs Production Run,
80% Learning Curve, 1973 M$

Aerocrane (100/200 A/C) 50-Ton HLH
RED 163/163 378/378 -
Mfg Cost (tot.) 364.3/614.3 1570/2648
Unit Cost 5.27/3.89 19.46/15.13
Flyaway Costl 5.80/4.28 21.41/16.64
Invest. Cost2 6.85/5.06 25.30/19.67

110% Unit Cost
130% Unit Cost

1. Flyaway Cost
2. Invest. Cost

nu

Operating Costs - In developing operating costs, the following
rationale was employed: a) Specific fuel consumption is taken
nominally to be 0.5 1b-fuel/HP-hr, and fuel costs $150/per ton. b)
Maintenance hours per flight hour (both scheduled and unscheduled) is
estimated to be 7 hrs for the HLH vs 5 hrs for the Aerocrane, dimin-
ishing linearly to 3 hrs after two years of operational experience,
and costs $8 per hour. c) Crew costs are $90 per hour, which includes
overhead. d) Non-productive flight time (e.g., ferrying, training)
represents 20% of total utilization. €) Hangaring and insurance costs
are not included. f) Initial cost includes 20% for spares, which are
replenished annually at a rate of 3% of the original flyaway price.

g) True interest rate on the debt is 5% after allowances are made

for depreciation and interest tax deductions. With these assumptions,
the following average annual operating costs were developed (Table IV)
based on 10 years life cycle.

TABLE IV

Average 10 yr Hourly Operating Costs
for 600/1200 flight hours per year
(1973 dollars, 1974 fuel prices)

Prod. run/Aircraft Aerocrane 50-Ton HLH
100 $1805/1385 4605/3065
200 1580/1270 3920/2720

Conclusions: In this paper, the attempt has been to combine reason-
able technological projections with representative, current costing
rationale as a means of determining, to first order, the costs assocC-
iated with heavy 1ift capability. While the exactitude of numbers
developed in a study of this scope is always open to question, it is
felt that they are of the correct order of magnitude, and almost cer-
tainly of correct relative magnitude in the comparisons that have
been made. In all phases of development, manufacturée, and operation,
the Aerocrane emerges as considerably more cost effective than the

50-Ton HLH, underscoring the savings that might be expected in a
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heavy 1ift device, where part of the 1lift is gotten for free, so to
speak. Costs, like weight, have a way of '"snowballing" in advanced,
state of art aircraft, which the 50-ton machine represents. Part of
this escalation derives from obvious physical causes, such .as the nec-
essity to develop better materials, to keep empty weight fractions
within bounds. Somewhat less obviously, there is a "cost-risk"

spiral that has become ever-increasingly a dominating cost element in
new aircraft development; whether this can be avoided in the develop-
ment of LTA technology would make an interesting study in itself.

As remarked earlier, lack of details argued against the comparable
cost analysis of Gargantua, and it is hoped that this paper will be
useful for comparative purposes, when this information is forthcoming.
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AN APPROACH TO MARXET ANALYSIS
FOR LIGHTER THAN AIR
TRANSPORTATION OF FREIGHT
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Jean H. Pollock***

ABSTRACT: rhjg paper presents an approach to marketing ana-
lysis for Lighter Than Air vehicles in a commercial freight
market. After a discussion of key characteristics of sup-
Ply and demand factors, a three-phase approach to marketing
analysis is described. The existing transportation systems
are quantitatively defined ‘and possible roles for Lighter
Than Air vehicles within this framework are postulated.

The marketing analysis views the situation from the pers-
pective of both the shipper and the carrier. A demand for
freight service is assumed and the resulting supply charac-
teristics are determined. Then, these supply characteris-
tics are used to establish the demand for competing modes.
The process is then iterated to arrive at the market
solution.

The possibility of a revival of Lighter Than Air (LTA) vehicles
results in numerous suggestions for possible missions. While LTA
enthusiasts revel in the unique performance characteristics of large
payload and extremely long flight range, some of the popularly sug-
gested missions do not utilize these features with any degree of
economy. Transport of outsized, bulky cargo such as reactor or
machinery parts is frequently among the first missions associated
with LTA. Hovering and lowering preassembled structures is also
suggested.

Memories of the Hindenberg also apparently prompt ideas of passenger
transport. To name a few: ferry service for passengers and cars
across the English Channel, leisure cruises to the Caribbean, hotels
for remote areas, as well as flying laboratories and dormitories for
teams of scientists, researchers, surveyors or salvagers. Rescue
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missions after natural disasters are also mentioned.

Another suggestion makes the airship the candidate to introduce trade
into the underdeveloped and inaccessible regions of Africa, South Amer-
ica, and Asia. Crop dusting, insect control, oil spill cleanup and
mobile hospitals have also been entertained as LTA missions. Finally,
military missions such as troop and supply carriers, weather and intel-
ligence observation stations, and a platform for ocean surveillance

are all considered as possibilities.

All of these proposed LTA missions share several salient features which
should cause one to carefully consider the appropriateness of LTA use
at all. These features include 1) a lot of "one-shot job" suggestions
as to missions -- movement of reactor pieces and natural disasters are
not everyday occurencesj; 2) the availability of much less expensive al-
ternatives, such as large cranes, crop-dusting planes and stationary
hotels and laboratories; 3) lack of a high volume, intense commercial
base over which a rational allocation of the extremely high capital._
costs could be made, such as in many instances of trade development of
underdeveloped areas with minimal trade volume.

In short, intense use must be made of an LTA in order to spread the high
capital costs over as wide a useage base as possible as we will show
subsequently. In addition, if the LTA is to become a success, mass
production is desired. To meet these high volume requirements, commer-=
cial freight is the largest potential market for LTA's. In fact,
commercial freight may be the only market large enough to support such

a mass production process.

AN APPROACH TO MARKETING ANALYSIS

The market for Lighter Than Air craft depends necessarily on the mar-
ket for their services. Although this paper concerns primarily the
latter, it is necessary to consider the former to the extent that the
size of the market for the craft influences the cost of the individual
vehicles. This occurs in two ways: the amortization of the initial
research and development cost over the vehicle fleet and the economies
of scale in manufacture. The importance of the research and develop-
ment costs can be demonstrated by considering the impact on aircraft
cost of various fleet sizes. With an overall development cost of 100
million dollars, a fleet of 5 vehicles would have a share of 20
million each. For 25 vehicles, this cost would drop to 4 million, or
if a fleet of 300 could be counted upon, the amortized cost would drop
to almost $330,000 per vehicle. Thus, the financial viability of the
concept could depend importantly on the fleet size initially planned
for.

Supply Determinants

A first step in any analysis would be to determine for a given technol-
ogy of transport what the costs of owning and operating the equipment
are and what prices or tariffs would have to be charged in order to
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offer transport sevvice. This depends on a number of factors which are
well known and conceptually straightforward yet sometimes ignored in
practice. These are:

Annual corridor volume in tons

Consolidation and deconsolidation possibilities

Shipment size distribution

Required frequency of service

Seasonality

Directionality

These factors all influence the choice of vehicle size and payload and
the ability to maintain a given market share and equipment utilization.
See Figure 1.

The overall volume of flow is obviously one of the most important
factors since it directly influences the economies of scale which can
be attained by the use of large equipment at big load factors. A
single 5000 pound shipment being carried by truck incurs costs in the
range of twenty cents per ton mile. If the truck were carrying
70,000 pounds, as many tractors hauling double trailers can, the cost
drops to around a cent and a half a ton mile.

Large corridor volumes tend to beget even larger corridor volumes
since greater volume means more frequent service, greater possibility
for consolidation and deconsolidation and more opportunity to smooth
out the irregularities caused by seasonality or directional movement.
This tends to be especially true for those modeg which carry big pay-
loads such as rail and ocean shipping. Instead of shipping direct
from origin to destination using the high cost mode, it may be worth-
while to use a feeder service to consolidate loads. See Figure 2.

Measuring Cost and Performance

The question is in the final analysis how much cargo can be attracted?
This depénds of course on the relative cost and performance of the
modal offerings and how they are perceived by the shipper. The perfor-
mance of a particular service is measured implicitly or explicitly by
the shipper in his choice of mode and size of shipment. Included in
this list of performance measures are:

waiting time

travel time

time reliability

probability of loss and damage

special services such as refrigeration or in-transit
privileges

transport cost or tariff

[ 2N B BN - -]

Waiting time is that period from the time that a request for transport
has been registered to the time the vehicle is in place ready for
loading. Waiting time, along with travel time and time reliability,
make up what the shipper may view as a lead time distribution in his
inventory process. Because it is variable it must be protected




FACTORS INFLUENCING COST AND PERFORMANCE

o ANNUAL CORRIDOR VOLUME
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o DIRECTIONALITY OF FLOW
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SCHEDULING
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~__

COST AND PERFORMANCE OF SERVICE OFFERED

Figure 1. FAcTORs INFLUENCING THE CosT AND PERFORMANCE

oF SERVICES OFFERED

ORIt

FIGURE 2. CoNSOLIDATED SERVICE VERSUS DIRECT SHIPMENT
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against by safety stock, orderirg ahead or by fast shipment. Minimum
shipment size and transpcrt tariff combine to form the shipper's view
of the size-rate schedule. See Figure 3.

Demand Characteristics

The way in which a shipper values specific elements of the performance
achieved by a particular mode in routine shipment depends upon the
characteristics of the commodity to be shipped. High value goods per-
ceive travel time and travel time variability differently than do low
value goods or goods for which there is no cost associated with stock-
out. The more importani factors in the valuation of transport perfor-
mance appear to be:

value per pound

density

shelf life

inventory stockout characteristics

annual use volume and variability

need for special environment, handling or services

P28 0600

These factors are used by the shipper in a subjective evaluation of the
costs of transport. This evaluation whether performed explicitly
using carefully derived costs by trial and error or by pure intuition
and judgment results in a choice of shipment size, mode and frequency
of shipment. See Figure 4. Obviously, the minimum shipment sizes and
the transport tariffs found on the size-rate schedule of offerings in-
fluences this choice.

Supply-Demand Equilibrium

Thus, there is a supply-demand equilibrium process at work in the real
world. The supply of transport services with certain costs and per-
formance or level of service characteristics elicits a demand by
shippers through their decisions on choice of mode, shipment size, and
frequency of service. In the aggregate this demand is seen by the
transport system as an annual corridor volume with a certain level of
consolidation of shipments, weight size distribution, seasonality, and
directionality of flow. See Figure 5. As changes occur there are ad-
justments first on one side of the supply demand system, then on the
other. The process tends to be incremental and changes occur relative-
ly slowly.

The analysis of this system can be accomplished by formalizing the
decision processes and the costing procedures on a step-by-step basis
following the flow shown in the diagram. The costing procedure is not
trivial as many of the papers at this conference demonstrate. But, it
is done on a day to day basis for existing modes and can be done for a
potential new mode with some allowances for uncertainty. Note that
the costing process does require a more or less complete design of
facilities, personnel, procedures, etc., for a system whose extent can
only be guessed at the outset. There are, however, more conceptual
problems on the demand side.
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Demand Modelling

Demand modelling for freight is still in ite infancy. There are well-
formulated models for uvrban passenger demand and the expectations are
for usable models for freight in the nect distant future. It is also
possible to proceed item by item (or more realistically, market segment
by market segment) to examine the choices open to a shipper and to
decide on a rational basis what mode the shipper will choose. A prob-
lem always existz in deciding upon the makeup of the market segments
and the definition of their commodity characteristics, but this can and
has been done and our efforts to perform market demand analysis for a
variety of market segmenrts useful to our purposes here will be described
later in this paper.

In attempting to apply this process to the cagse of Lighter Than Air
craft which is more of a revolution than an incremental change, there
is the question of how to "break into" the analysis circle. Should
costs and performance be assumed and the demand analysis performed .
initially to determine volumes which are then used in the supply side
analysis? Or should market volumes be assumed and used as input to the
design and costing out of the supply side? Both should probably be
done. Another problem is the markets to be addressed. It is difficult
to start with the whole world. Some idea of market corridors and/or
types of commodities to attempt to serve are needed as a point of
beginning.

As a way into the problem and in an attempt to gain some pragmatic
insights into what the possible freight markets are, it is useful to
search for short-cuts that will reveal markets in which Lighter Than Air
craft can offer superior service by all (or at least most) of the level
of service performance measures stated previously. That is, we are
looking for some markets that Lighter Than Air can steal. Some possi-
bilities include those offered by classical modes such as container-
ships, rail piggyback, truck, or air. There are also commodity markets
such as dry bulk, neobulk, perishables, etc., that could be explored.

In the next section we will examine some of these possibilities.

A THREE-PHASE APPROACH

In order to analyze potential markets for LTA vehicles, a three-phase
procedure is used. The first phase provides an overview of line-haul
costs and characteristics of competing modes of transport in the com-
mercial freight market and then does the same for LTA with what figures
there are available. The basic market position of LTA vehicles is then
apparent.

Phase two presents a computer simulation model of the total origin to
destination costs and times for competing modes. The ability to vary
distance and commodity to be shipped provide cost data for a wide
range of shipments and it is possible to compare LTA costs with those
of the competition on many routes.

Phase three examines the shipper's demand side of the market analysis
with another computer simulation model which reflects shippers' con-
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cerns in choosing a transport mode. The conditions under which LTA
will be chosen can be analyzed for a number of market segments.

Phase 1 - Line-Haul Cost and Performance

Commercial freight markets are large and well-established; consequently
the LTA vehicle will face jmmediate heavy competition. It is important
to remember that aside from any annual growth of the market that an LTA
vehicle can capture, the bulk of LTA business must be wrested away from
the competition. For this reason, an analysis of the line haul, termi-
nal costs and performance of the various modes will be presented.

If we consider the transcontinental U.S. market, a distance of 2500
miles, we see in Table 1 that there is a wide spread between the avail-
able revenue ton-mile costs of shipments by air, rail TOFC ({trailer on
flat car), and truck.

Research by the Southern California Aviation Council, Inc., shows that
as the size of LTA vehicles increases, their unit costs decrease, as
one might suspect. The largest LTA vehicle studied by the Council has
a payload of 1,114 tons at 100 mph, and 1,032 tons at 200 mph. The
construction cost of such a vehicle is estimated at $96.25 million. If
we assume a 25 year life and a 4 percent residual value, a net present
value system of representing the time value of money at an opportunity
of 10 percent results in an annual equivalent capital cost of $10.56
million. (The Council calculates annual capital cost by a different
method. Note also that the tax shelter of such an investment should
also be considered.) Using the Council's data for all other cost data,
the costs per revenue ton-mile figure for the LTA vehicle over a 2000
mile distance becomes 4.4¢ for the 100 mph craft, and 3.5¢ for the 200
mph craft. Consequently, adjusting for travel segments of equal dis-
tance (and varying definitions of costs), it would appear at first
glance that the LTA vehicle costs place it lower than air or truck but
higher than rail TOFC.

Since a listing of the modes by speed is identical to the one by costs,
the LTA vehicle does not appear to dominate any existing mode in terms
of both cost and speed. Therefore, the LTA vehicle will not simply
replace an existing mode and take over its current market. The LTA
market will, rather, depend on how the shipper trades off cost and
speed and other factors in his analysis.

Phase 2 - Total Door to Door Performance

In Phase 2, a computer simulation is used to attempt to account for
many of the factors omitted from the simple overview of Phase 1, such
as varying distances, densities, cargo values, inventory carrying
costs, or load factors in the calculation of total origin to destina-
tion costs and times.

The computer program calculates the following component costs:

e Pickup and delivery
e Inventory and warehouse
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Inland line haul

Transoceanic or transcontinental line haul
Terminal handling

Packaging

Cargo insurance

Documentation

Importance of Cost components - The density of cargo has a large impact
on air freight costs, and all modes are sensitive to their design den-
sities. Phase 1 data assumed that each mode carried cargo at its
design density. The design densities of a truck or container is 20 lbs/
cu.ft. and the design density of a containership is 43 lbs/cu.ft. The
design density of a 747 is 10.9 lbs/cu.ft., while the average cargo
density was 8.6 1bs/cu.ft. and ranged from 5.3 to 20.0 pounds. The
difference between the design density and the average actual cargo
density results in an jincrease of 27 percent in the effective cost per
available ton-mile. The greater the deviation of the average cargo
density from the design density, the greater the effective cost per
available ton-mile, as borne out by the computer simulation.

The very nature of the commodities involved is a significant aspect of
the market. Ocean carriers and railroads are generally thought to
carry "low" value commodities for which delivery time is not generally
critical and even the increased inventories necessitated by the time
lag and additional warehouse costs involved still total far less than

the cost of air shipment.

To better evaluate the differences in transit times of different modes,
the computer simulation in Phase 2 assumes that the shipper incurs an
inventory carrying cost equal to an annual charge of 10 percent of the
value of the product. While air modes, including LTA vehicles, would
appear to be natural carriers for high value cargo, it should be noted’
that only 18 our of 402 commodity groupings analyzed by the Trans-
oceanic_Cargo Study have average values more than $5.00 per pound. See
Table 2.

While data in Phase 1 assume 100 percent load factors, and a 2500 mile
distance, the computer simulation in Phase 2 allows these figures to
vary. Rather than looking only at the costs and times of the line-
haul mode, the computer simulation analyzes the total origin to destin-
ation costs and times, including those to perform consolidation and de-

consolidation, showing the situation as it appears to the shipper.

For the sample computer runs shown in this paper, four commodities were
used: meat, fruit, computers and leather goods, to give a wide range of
densities and values. See Table 3. The airplane used in the computer
program is a wide-bodied jet aircraft of the Lockheed L-500 or Boeing
747 class, which operates at a 70 percent load factor. The vessel is an
800 unit containership which operates at a 69 percent load factor. (The
program is a modification of that presented in the Transoceanic Cargo
Study by Planning Research Corporation, Los Angeles, California, 1971.
Characteristics of the various modes of transportation are also taken

from this study.) The authors feel that costs for the plane are biased
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TABLE 2
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TABLE 3

ComMoDITY CHARACTERISTICS USeD 1IN SAMPLE CoMPUTER Runs
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downward, since no commercial aircraft that large exists and the costs
for the ship are biased upward, because many containerships are much
larger than the size chosen. Consequently, the choice of numbers should
narrowly define the costs of the "market niche" to be sought after by
LTA vehicles.

First Scenario - Results from the computer simulation of two scenarios
moving cargo from an inland point in the U.S. across the ocean to an
inland point in a foreign country have been developed. In the first
scenario, cargo moves by truck from an inland U.S. origin 200 miles

to either a seaport or airport, 3000 miles across the ocean by either
ship or plane, and 200 miles inland to its foreign destination by truck.
Figure 6 shows the total origin to destination cost in dollars per
pound for air and ocean freight as the inland truck portions remain con-
stant at 400 miles and the transocean distance increases from 500 miles
to 6000 miles. The figure shows that the competition between air and
containerships is most severe for high value-low density commodities
(i.e., computers, leather goods, etc.) The cents per ton-mile costs

for the plane and ship over transocean distances from 500 miles to

6000 miles are given in Figure 7. A key point discerned from this
figure is that while the vessel costs per ton-mile decrease over the
entire distance, the air costs per ton-mile increase, showing the
tradeoffs being made by the plane between payload and fuel capacity.

Sample data for one particular ocean distance (3000 miles) for meat and
computers are shown in Tables 4 and 5. In comparing modes of transpor-
tation for the same commodity, two key factors are inventory carrying
costs, which reflect total transit times, and transocean line-haul
costs. In comparing costs between commodities, the key factors are
cargo insurance and inventory carrying costs, which both reflect the
value per pound of each commodity.

If we hypothesize how an LTA vehicle will fit into this scenario, let
us assume a 150 mph speed and a direct origin to destination trip with
no feeder services. 1In by-passing all feeder services as well as pick-
up and delivery, the LTA vehicle can make the trip in 0.94 days. The
cost should be lower than that of air but higher than that of ocean.
What we see here is that waiting times and inland feeder service times
can have a major effect on the overall transit time, particularly for
airlines. To the extent that LTA vehicles can by-pass terminals and
travel directly from the origin to destination, they can save both time
and money for the shipper.

In comparison with ocean, while the LTA vehicle will probably not ever
be able to match the line-haul costs of containerships, for high value
cargo the time differential may be more than enough to make the shipper
choose the LTA vehicle. For extremely high value cargo, the large
transit time using a vessel line-haul service may actually make it less
expensive because of the inventory carrying costs involved to use the
LTA vehicle in the cost framework shown.

Second Scenario - The second scenario compares a rail-ocean-rail trip
with a truck-air-truck trip. The rail-ocean-rail trip is made up of a
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TABLE 4
Taras 1975 OriGin To Destinerion Cosis®

Ocean vs, AR
Commop1TY: MEAT
Distances: Domestic INLAND TRuck - 200 MILES

FIGURE 6
Totat OriIn To Destination Costs

(IncLupinG 400 MiLes of InLAND TRucKING)

Forerew [nLanp TRuck - 200 mitEs
TRANSOCEAN ~ 3000 MiLES FOR BOTH -6} ComnoDITIES :
PLAHE AND SHIP M = Mear
F = Fruit
Cost CompoNeENTS ($/LR.) Ceean Al .50 C = Compurers
H = | 6
Prckup & DeLivery Cost ,00118 .00118 8 b = Leaies Gooos
Inventory CARRYING CosT .DN479 .00176 £
InLanp Line-Haue 00449 .00449 a0
TRANSOCEAN LINE-HAuL .00120 ,09825 8
TerMINAL HaNDLING .00251 01772 &
PackacInG .00657 00437 £
INSURANCE 00081 ,00198 g
DoCUMENTATION ,00024 00024 v
ToraL ($/18.) ,02179 12999 ,'3 20
Torar $/Ton-MiLE ,01282 .07646 H
TotaL # Davs 16.9 6.2 5 e
M OCEAN
-] F
3 2 -
*CosT coMPONENTS (I.E., INVENTORY CARRYING COST, PACKAGING, ETC.) 1000 00 2000 {000 5000 60
ARE TOTALS OF THE INLAND AND TRAMSOCEAN SEGMENTS. Diﬁlﬁﬁg
TABLE 5 FIGURE 7
TotAL 1975 Oricin To DesTinavion Costs®
Costs Per Ton-MiLe
Ocean vs, AIR For Ocean anD AtR Mopes
ComMoDITY: COMPUTERS "
DisTANCE: U.S. Incano Truck 200 MiLEs

ForereN InLAND Truck 200 MiLes

TRANSOCEAN 3000 MILES FOR BOTH
PLANE AND SHIP

Cost ComMpoNENTS ($/LB) Ocean AR
Pickup & DELIVERY ,00118 ,00118
INvenTORY CARRYING CosT 06424 ,02362
InuanD Line-Hau .00619 00619
TrANSOCEAN LINE-HAUL ,00204 ,09825
TERMINAL HANDLING 00437 01772
PACKAGING 01115 00743
INSURANCE .00789 02611
DOCUMENTATION .00022_ _igpozu

Torat ($/i8) 09730 ,18074
ToraL $/Ton-MiLE . 06487 10632
ToraL # Davs 16.9 6.2

“COSY COMPONENTS ARE TOTALS OF THE INLAND AND TRANSOCEAN SEGMENTS.,
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1000 mile rail feeder service to the port, a 3000 mile ocean voyage, and
a 1000 mile rail segment to the inland foreign destination. The truck-
air-truck trip between the same origin and destination is composed of a
200 mile truck segment to the airport, a 4500 mile air trip, and a 200
mile inland segment to the foreign Jdestination. This comparizon i
similar in concept to the situation shown in Figure 2, where the shipper
has to decide whether to use surface inland feeder services over rather
long distances to bring his cargo to a consolidation point for a parti-
cular carrier, or whether to ship by air in a manner more nearly resem-
bling an origin to destination trip. A key factor in this decision is
whether the shipment size is large enough relative to the mode of

transportation to take the origin to destination alternative.

sample data from computer runs of this scenario are shown in Tables 6
and 7. For a low valued good (i.e., meat) , the cost of air freight
over such a long distance may well be prohibitive. Even for a high
value good, the costs may make air freight undesirable to the shipper.
However, it should be noted that the difference between ocean and air
becomes less for the higher value commodity. Again, the shipper is
faced with the problem of cost versus time. For computers, this trade-
off becomes $.105 per pound versus 12.6 days. Aan LTA vehicle going
directly from the origin to destination at 150 mph could make the 4900
mile trip in 1.4 days; this time is considerably faster than the truck-
plane-truck situation because of the time associated with the inland
feeder systems. However, such a direct origin to destination trip re-
quires the shipper to be able to fill most, if not all, of the LTA ve-

hicle.

In many cases, the shipper is again left with the problem of trading
off cost with time. While Phase 2 has included inventory carrying cost
as one way to quantify the time involved, factors such as service reli-
ability by mode and stockout costs are necessary to complete an analy-
sis that would allow the shipper to directly choose the mode he wants.
Phase 3 describes the demand characteristics which make such an

analysis possible.

Phase 3 - An Analysis of the Transcontinental surface Markets

Here, the emphasis will shift to the demand side. How does a shipper
make the decisions concerning mode choice, size of shipment, and fre-
quency of ordering? One way to approach the behavior of the shipper is
to assume that he is a rational individual responsible in a fiscal
sense for the ordering, transport, storage, and inventory control of a
single item. This is a simplification of the actual world since for
many items, multiple jtem inventory management is more realistic. But,
for our purposes, it is useful to demonstrate in an uncomplicated way
how he might reason to ship by one mode or another and how he goes

about selecting the appropriate shipment size.

To simulate the decision making process of the shipper we used a compu-
ter program written to perform single item inventory management. The

program develops optimum inventory strategies for a commodity defined
by its use, rate and economic characteristics by selecting the order
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TABILE 6
Toran 1975 Ozyain Yo DesTination LosTs®
Ocean-RAIL vs, Arr-TRuck
CoMMop1TY: MEAT .S. INLAND MILES
DisTANCE: Ocean-RaiL Poasxsu NLAND i§§§ MILES
Ocean MILES
Arr-Truck {E&génl;:%:&np ggﬁ MICES
IR 4500 mMiLes
Cost CoriponenTs ($/18.) Ocean-RapL A1r-TRUCK
Pickup & DeLivERY - .00118 00118
INvENTORY CARRYING CosT .00535 .00176
InLanp Line-Hau .06022 .00449
TramsocEan Line-HauL .00120 .18167
TerRMINAL HANDLING .00251 01772
PACKAGING 00657 00437
INSURANCE .00114 ,00198
DOCUMENTATION .00024 ,00024
TotaL ($/18.) .07841 21341
TotaL $/Ton-MrLe 03136 ,08711
TotaL # Davs 18.9 6.3

*CoST COMPONENTS ARE TOTALS OF

THE INLAND AND TRANSOCEAN SEGMENTS.

TABLE 7
Torat 1975 Or1GIN TO DESTINATION CoSTS®
Ocean-RaiL vs, AIR-TRuck
CommopTy:  CoMPUTERS .S, INLAND MILES
DisTANcES: Ocean-Rart &onsxen INLAND i§§§ MILES
ICEAN MILES
P.S. INLAND MILES
A1r-Truck -OREIGN |NLAND MILES
Arr \ L] MILES
CosT Components ($/18,) Ocean-RalL Air-Truck
Pickup & DeLivery ,00118 00118
INVENTORY CARRYING CosT ,07186 ,02363
Incanp Line-Haut 06022 00619
TrRaNsocEAN LINE-HAuL .00204 18167
TERMINAL HANDLING 00437 01772
PACKAGING ,01115 .00743
INSURANCE ,00789 02611
DoCUMENTAT1ON 00024 00024
ToraL ($/1B.) 15895 26417
TotaL $/Ton-MiLe 06358 10782
ToraL # Davs 18.9 6.3

*CoST COMPONENTS ARE TOTALS OF

THE INLAND AND THE TRANSOCEAN SEGMENTS.
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quantity, Q. the reorder point, R, and the mode of shipment, M, soO as
to minimize total logistics costs over a one-year time period. These
costs include:

ordering,
transporting,
storing,

capital carrying, and
stockout

The innovation in this program is in the way in which stockout is re-
lated to the lead time performance of the transport system and stockout
costs are traded off against transport costs. Transport performance is
defined using a schedule of minimum shipment sizes with their corres-
ponding rates, loss and damage probabilities and out of pocket costs.
It is important to note that the choices open to the inventory manager
are all expressed in his decisions on Q, R, and mode once the annual
use rate and its variability are known.

This approach of simulating the decisions of the inventory manager
should allow us to gain a feeling for the mode choice and shipment

sizes that will be made in a given transportation market for various
commodities over a range of useage rates. However, there are too many
commodities to approach the problem that way. It would be better to
divide the entire universe of goods into commodity groups Or market
segments and treat each market segment individually. There is still a
problem with multidimensionality. From the list of commodity attributes
which are important in the selection of mode, which are the key 2 or 3
which best define a market segment?

value per pound

density

shelf life

inventory stockout characteristics
annual use volume and variability
need for special services

on this first round of the analysis, we have chosen value per pound and
useage rate along with inventory stockout characteristics as the three
descriptors to be varied. Other variables will have an average value,
but will not be changed.

It is useful to digress a méhent to clarify what is meant by inventory
stockout characteristics. There is a period after the reorder point in
the inventory cycle for which the inventory jevel is subject to chance.
There is variability in both the useage rate and the lead time of the
transport vehicle carrying the replenishment stock. If useage spurts
up or transport is delayed, or both, there will be a stockout. During
each reorder cycle there is a probability of stockout which can vir-
tually never be eliminated though it can be minimized by reordering at
a higher reorder point or by using a faster or more reliable mode. By
inventory stockout characteristics we mean the nature of the costs that

will be incurred.
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There are a variety of pogsible stockout situations. For some commodi-
ties, there is an immediate loss of sale once a stockout has occurred.
The vendor for ice cream in Central Park on a hot day experiences these
stockout costs. He doesn't lose the value of the stock, but merely the
contribution to overhead and profit. For other commodities there is
not an immediate loss of sale since the customer may accept the excuse
that the part which is currently out of stock has been backordered and
that it is due to be in on Monday. Thus, there is a probability of sale
loss which increases with number of days out. Still another situation
is that which occurs in manufacturing when an item important in the
assembly line causes the whole line to stop and the plant to be closed
down. Each can be handled by varying the makeup of the stockout cost
matrix as between number of items out of stock and number of days this
condition has existed. This cost matrix is multiplied by the probabil-
ity of being in each of these states to obtain the expected value of a
stockout.

The total logistics costs associated with ordering, storing, carrying
the invested capital and transporting by the various modes must be
determined for each inventory strategy tried. A scheme for proceeding
mode by mode to examine each break point on the transport size rate
tariff schedule is used. For that break point the best reorder point
is determined by a short search of possible R's and the selection of
the one with the lowest total logistics cost. This procedure was used
here to examine a four by four matrix of market segments for three dif-
ferent inventory stockout conditions on a transport corridor of 2500
miles. For this example, air, truck, and rail TOFC service was avail-
able.

Each market segment was defined by the value per pound, which ranged
from $0.01 per pound to $10.00 a pound; by the annual useage rate,

which ran from 10,000 pounds per year to 100 million; and by a proba-
bility distribution on the useage rate. See Figure 8. The unit cost

of a stockout, the interest rate on the carrying cost of capital, the
storage space per item, and a host of lesser variables were also employ-
ed. ’

The performance measures for each of the transport modes, their size-
rate schedule and the transport lead time distributions used in the
computations for each market segment are shown in Figure 9. The
attempt here was to select transport tariffs and break points which
were broadly representative of cost-based freight rates found in prac-
tice.

The computer runs were made for three separate inventory stockout sit-~
uations. There were:

® No stockout costs
® Stockout results in immediate sales loss
® Stockout increases probability of plant closedown

For each market segment, the computer printed the optimum inventory

policy by giving the shipment size, Q, the reorder point, R, the mode,
M, the total logistics cost per pound, $, and the number of orders per
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Input Data for Market Segment

507.4 $/item - value/item

507.4 lbs/item - weight/item

16 ftz/item - storage space
50.7 $/item - unit stockout cost
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FIGURE 8. Market Segment pefinition
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year, 0. Close examination of the pattern of optimum policies reveals
a pattern to the strategies which tends to shift as the cost of stockout
changes.

For the case of no stockout cost, the reorder point is extremely low.
See Figure 10. Since there is no cost of stockout there is no penalty
for using slower modes SO rail TOFC is used for the larger shipments.
Full truckload is discontinuous, but this may be because of discrete-
ness in the definition of market segments. Air freight has captured
only the high value, low volume shipments.

For stockout with immediate sale loss, much the same pattern emerges;
but truck has encroached on rail TOFC. See Figure 11. Also reorder
points are high, especially for the less reliable modes amounting to
more than half the quantity ordered in some cases. This causes total
logistics costs to be slightly higher to reflect the higher capital
carrying cost of the additional inventory.

For the case where the probability of plant closedown exists, air
fr2ight shipments have taken over one market segment from what was full
truckload shipments in the previous case. See Figure 12. Surprisingly,
this is the only change in mode though there has been an increase in
reorder point especially for the slower modes.

Overall, the results look much as one might expect, though the sta-
bility is somewhat surprising. With higher order costs and higher

. interest rates on capital carrying there might be more switchover to
air or truck from rail TOFC for the high value goods. Nevertheless,
the results look reasonable with respect to mode choice and inventory
strategy.

To get a feel for the viability of Lighter Than Air services introduced
into this market, an. additional computer run was made. For this run

an assumption about lead time variability and size rate transport rates
had to be made. It was reasoned that the lead time distribution for
Lighter Than Air should be slower than air and faster than truck. The
rate was placed at $.04 per ton-mile between LTL truck rates and FTL
truck rates, and higher than rail TOFC, with a minimum shipment size of
35,000 pounds. In other words, the service offered was to be a fast
"piggyback" service.

The results of this run are interesting. See Figure 13. Lighter Than
Air service captured only the market segment previously served by FTL
truck and by air freight. This seems to indicate that to compete
effectively in this market, transport costs would have to be lower than
FTL truck. Certainly lower costs would have increased the markets for

Lighter Than Air.

This computer run considered only a 2500 mile transcontinental shigmgnt.
A complete analysis would have to look at shorter markets. In addition
such an analysis would investigate the sensitivity of such factors as
interest rates on capital carrying and higher storage charges.
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FIGURE 10. Optima) Inventory Strategies for the Case -
NO STOTKOUT COSTS
AIR l / . / FTL TRUCK%
10 Q=1004 iks Q=15074 1lbs Q=p5,518 lbe 6,110 1bs
R~ R=450 1bs =507 lbs R
M~ M=Truck M=fruck
$= $.1458/1b $=.1168/1b
0+ 0=19.7/yr 0=R7/yr
1.0 Q=50086 1bs Q=5074 1lbs Q=0,529 lbe
R45/1ba R=50 1bs R=p07
HeqTruck M=Truck M=Rail
$4.158/1b $=1.068$/1b/| $=L036s/11
02,03 /yr 0=19,7/yr 0=03.9/yr
$/1b
LTL TRUCK TOFC
.1 Q=5008 lbs 435,061 1bs] Q=70,529 1ibs
R45 Ths R=50 1bs R=p07
M=Truck M=Trruck M=Rail
$4.125/1b $=.061$/1b $=1.027$/1b
0+42.03/yr 0=R.85/yr 0=13.9/yr
FTL [FRUCK
.01 Q=5008 lbs /470,122 lbs Q=170,529 lbs
R<451b3 R=50 1bs R=b07
M=Truck M=Rail M=Rail
$=.1165/1b $=.0567$/1b $=/.026$/1b
0=2.03/yx 0=l.46/yr 0=13.9/yr
27 274 2,739 27,390

1bs/day

FIGURE 11. Optimil Inventory Strategies for the Case -

STCCKOUT RZSULTS IN IMMEDIATE SALE LOSS

1c Q=]1004 1bs /- 5077 1lbs /Q:*SS,SIB lbsKJ- 76,110 1lbs
"Rw 12131 1lbs k416,236 lbafR#15,222 1bs
M= ITruck M Truck MtRail
$=1.175/1b $7.1348/1b $%4.112$/1b
O={19.7/yr 0% 27.6/yr 04127 /yr
AIR
1.0 45004 ibs O=|5074 lbs 670,528 1bs Q#76,110 1bs
R=x1263 1lbs R= R%36,532 1lbs R#$40,592 lbs
M= [Truck M= Ms Rail MfRail
$=1,158/1b $= $4.0415/1b $%.035$/1b
$/1b 0=12.03/yr o= 0413.9/yr 04127/yr
LTL TRUCK RAIL TOFC
.1 Q=15004 1lbs /(35,061 1bs{ Q470,153 1bs Q476,110 1bsa
R=[278 1lbs R~12232 Tbs R$37,547 1bs R#450,740 lbs
M=|Truck M= Truck M=Rail MsRail
$=].128/1b $=[.065/1b $4.0308/1b $%.027$/1b
0-/2.03/yxf 0=12.85/yr 0:113.9/yr 0%127/yr
FTL THRUCK
.01 =15004 1b: Q= 135,061 1bs{Q%70,528 1lbs Q%76,110 1lbs
R=1278 Ibs R={2283 1bs R%35,055 1bs R450,740 1bs
M= | Truck M= |Truck MsRail MfRail
$=1.1185/1b| $=1.0598/1b $%.0295/1b $
0=1203/yr 0=12.85/yr / 0413.9/yr 0% 127/yr
27 274 2,739 27,390

lbs/day
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FIGURE 12. optimal Inventory Strategies for the Case -

STOCKOUT INCREASES PROBABILITY OF PLANT CLOSEDOWN

/Ar -\
10) 0= {1004 1bs /o fsg70 1bN 0= 00,655 1bsé-76,m 1bs

2943 ibs| R= 088 1lbs R455,814 1lbs
rruck M= Rir M=fRail
.1795/1b\ $= .138$/1b

$=.1165/1b
19.7/yr 0= B2/yr 04127/yr
1. Q=15008 lbs 70,5281bs Q=76,110 1bs
R= 1335 lbs 42,114 1bs Ro 65,962 lbs
M= |Truck Rail M=Rail
=|.158%/1b .043$/1b $+4.0355/1b
$/1b 0={2.0/yr 13.9/yr 04127/yr
TRUCK LTL RAIL NOFC
< Q=15008 1bs = |3506] 1bsiQ= (70,528 1bs Q476,110 1bs
R=[345 1bs R= [2993 lbs |R= 42,62} lbs R471,036 1bs
Me= [Truck M= |Truck M= [Rail MsRail

$w|.1228/1b | $= .064$/1b | $= .031$/1b $=.0275/1b
o0=|2.03/yr 0= [2.85/yr 0= [13.9/yr 04127/yx

.0Y ={5008 1bs | Q=3506] 1lbsiQ= 70,528 lbs Q476,110 lbs
R=[345 lbs R= [2994 lbs |R= 32.62) 1bs Rq71,036 1bs
M= |Truck M= [Truck M=|Rail M4qRail
$=1.12 $=1.060$/1b [ $= ,0297¢/1b  $4.0265/1b
0=!2.03/yr 0= |2.85/yr 0=113.9/yr 04127/yr
TRUCH FTL
27 274 2,739 27,390
lbs/day
FIGURE 13. Optimal Inventory Strategy for the Case -

A PLANT CLOSEDOWN W/LTA

1bs
10,148 1bs

JLTA
.075$/1b
0«4238/yr

L

h9.7/yc 27.6/yx

| e

1.0 Q45008 1bs _ Q=b074 1bs 70,528 1bs gabje,110 1bs
R334 1lbs R=p095 1bs X7, TI% 1BE Ra65,962 1bs
Mefrruck M=fruck MRail MeARail
§4.1578/1b  $=0745/1b $4.0438/1b  $4,035$/1b

$/1b o=f2/yr 0=}9.7/yr 0{13.9/yr od127/yr
TRUCK LTL RAIL TOFC

.1 Q=5008 1bs A= 5,061 1bs|0970.528 1bS oa7¢,110 1bs
R4345 1bs R=[993 1bs 437,621 1bs Rq71,036 lbs
M=rruck M=ffruck MqRail MoRail
s+.122$/1b/ s<l.063s/1b | $7 .031%/1b  $4.027%/1b
o=R/yr o=p.85/yr 0413.9/yr 04127/yr

TRUCK FTL

.01 =008 lbs\ Q=B5,061 1bs] Q70,528 1bs Q476,110 1lbs
R=[45 168 b3 1bs | R44Z,621 1bs Rq71,036 1bs
M=[Fruck =fruck M4Rail MqRail
$=1.12$/1b s=}065/1b $4.0295/1b  $4.026$/1b
=pR/yr =p.85/yr 0413.9/yr 04127/yr
27 274 2,739 27,390

1lbs/day
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To complete this analvsis, the size of each market segment must be
known. Withou® the size of each market seg .ent, it is impossible to
gum up thro flows to determins ovarall tonnages by shipment size. In
this case the market iz a hypothetical one that might be compared with
the onc between New York and Los Angeles in distance, travel time, and
transport rates. To get the sizes of each market segment some empiri-
cal worlk would need to be done. This would require more time and
accessibility tc data than we had available but should not be an
impossible task.

CONCLUSIUNS

Concept Viability

At this time it is difficult to conclude whether Lighter Than Air
craft have a future or not. Certainly, lower costs per available ton-
mile than those we have assumed here would make a stronger case for
them. But, the terminal costs and performance are also important.
They will closely reflect the care put into the design of an overall
network. The problems associated with raising capital and obtaining
hull insurance, et., will also be important. If a profitable concept
can be found there will be a variety of environmental, institutional,
and regulatory questions that will need to be addressed. There could
well turn out to make or break the concept.

Thoughts for Furthexr Marketing Research

The previous analysis has indicated that the LTA vehicle will perform
best when the situation has the following characteristics: large
annual volume resulting in relatively large LTA vehicles, relatively
constant demand and directional balance causing high utilization, and
origin to destination movements minimizing the use of feeder services.
Existing modes of transportation have established markets with many of
these characteristics. Further research, in part relying on the type
of marketing approach described here, could determine which specific
markets could be diverted to LTA vehicles.

In the maritime industry, neobulk shippers possess many of these
characteristics. These shippers have too much volume per shipment to
make it economical to use normal common carriers, yet do not possess
enough cargo to make chartering an entire ship economically feasible.
Specialized ships call on a network of such neobulk shippers offering
them lower than normal prices on a contract basis with reliable
service.

In the airline industry, shippers who charter entire airplanes for
their freight on a regular basis could form potential markets for LTA
vehicles. Agricultural products, especially fresh fruits and veget-
ables, are a possibility.

In the railroad industry unit trains of containers, either trailer-on-
flat car (TOFC) or container-on-flat car (COFC) should be analyzed for
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possible diversion to LTA. The rail shipments differ from the air and
water movements described above in that railroad (or the shipper using
the railroad) normally provides a consolidation function prior to ship-
ment. . , .

Within these established markets, LTA vehicles could attempt to direct
the higher value cargo from the ships and railroads and the lower value
cargo from the airlines. If LTA vehicles were able to put together a
network of customers, each shipping full LTA vehicle-load lots of cargo
on a scheduled contracted basis (possibly on a direct origin to destin-
ation basis), the full economic potential of the LTA vehicle could be
realized. '

Analysis Needed

The type of analysis that must be conducted to determine the marketabil-
ity of the concept is clear, however. It must address both supply and
demand elements. It should start from a marketing concept to define
the performance specifications for the system as a whole including ter-
minal organization and operation. From this a detailed set of equip-
ment costs and costs per ton-mile must be developed and translated into
a rate structure. The concept can then be tested by using demand
models to determine the choice of mode and gize and frequency of ship-
ment for each market segment. The market segments are then factored

up to give the overall market share, revenues, costs, and overall pro-
fitability.

Once available the market analysis can be used with incremental changes
to adjust the marketing concept to make it more profitable or attempt
to find a concept that will be profitable.
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MARKET ASSESSMENT IN CONNECTION WITH LIGHTER THAN AIR

N76-15025

John E.R, Wood *

ABSTRACT: Given no constraints on size, the airship could carry almost
anything almost anywhere. Economics and practical difficulties arise of
course, and the problem then becomes one of relative assessment of the
problems and prospects involved in any area of possible application. This
must then be integrated with an economic evaluation of the selected project
area. A review of the marketability of the airship is given, and the relative
energy consumption and speed potential of the airship 1s compared to other
modes and guidelines to areas of initial development are also provided,
together with a brief historical review.

GENERAL INTRODUCTION

A Convention such as this represents a long awaited opportunity to examine objectively and
critically the problems and prospects of what is, after all, a totally new concept of transport,
The term "totally new'" will no doubt provoke a certain amount of protest, but it is in fact
perfectly justifiable, although it is of course true that an established hierarchy of airships,
differing not only in size but also in payload, range and indeed all the other factors which

are normally associated with logical series of craft, operated over a period of some forty
years. But the operation of these craft must not be interpreted as having been conceived
along lines of assessment remotely simijar to those that must be considered today.

The airship may have been conceived as a vessel of peace, but it owes much of its early
impetus of development to the demands of war. In a period of growing international rivalry
between Britain and Germany, at a time when powered heavier than air flight was a thing of
the future this was hardly surprising. The period 1900 - 1920 saw a continuous, steady
development of the airship with a natural acceleration of this development, as the Great
War approached. The great majority of this development was concentrated in Germany, ina
Germany that was nationalistic enough, probably justifiably, to feel that it had little to learn
from other countries, and that had even less desire to communicate this information abroad.

* Director, Aerospace Developments, London, England.
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The partial success, more evident in the manpower it kept "tied up' in Great Britain for
defensive purposes than by any damage they caused would probably have encouraged the
Germans to have continued development immediately after the cessation of hostilities, but
the hand of retribution was still firmly in place, and anything that smacked of a rebirth

of German industry was heavily curtailed.

In these circumstances, the hand, if not of friendship, then at least of partnership, which
was advanced by the U. S.A. wastoogood to miss albeit at the cost of much injured pride.
Thus, in the early 20's the Goodyear—Zeppelin consortia came into being.

Let us recap the gituation so far. The {nitial development of these craft took place against

a background of Nationalism, at a time when no other form of powered flight existed. Against
this background it is easy to understand how a gituation developed whereby the design of
these craft came to be based upon constraints of money available, and the limitations, or
expected limitations of the technology available. It was naturally assumed that development
of larger, faster 'better' ships was an economically desirable aim. Market analysis as we
know it was virtually unheard of, and the question of designing for overall profitability was
hardly considered.

After the war the interest shown in these craft was still based upon the simple fact that civil
operation over Trans-Oceanic distances at speeds greater than a liner was unachievable.
Therefore speed being an obviously desirable factor, anything that could decrease this time
must capture a market: The holes in this logic, even then, should be fairly obvious, how
much more so today, with a plethora of alternative transport modes, and opportunities for
investment available. (Unfortunately, recent aeronautical experience, particularly in the U.K.
indicate that lessons from the past are difficult to learn properly).

Again, designers and manufacturers, anxious to develop what was at the time a unique trans-
port mode, ws2re, to put it kindly, optimistic about the difficulties of maintenance, mooring,
running costs, the development potential of these craft, and a whole host of other areas of
critical importance to profitability. In the earliest stages, when few craft were operating,
and when little or no 1feedback' information could be obtained, this was understandable.
When the operating results of these craft were staring these people in the face, it was per-
haps less so. Even 80, one must not be too damming. There is always a dichotomy between
the potential of a mode, and the ability of any particular marque of craft to meet that poten-
tial. Then, as now, the dictum was ""wait until you see the next one". This problem was
aggrevated by the fact that much design work carried out by the Germans in the early part of
the War was only just being evaluated by other nations (notably, Great Britain) some seven
or eight years afterwards. Nowhere was development proceeding from a current 'base

level' and administrative failures (and rivalry) meant that much needed information was often
not crossing company, let along country boundaries. A number of small concerns, primarily
in the U.S. displayed commendable technical ingenuity in producing airships displaying novel
construction techniques. But again one is left with the feeling that many of the originators
were not over cautious about minimising the difficulties involved in 1gcaling up' such craft to
a practical size, and, with the number of craft available to them, the limited financial
backing, and the lack of much in the way of 1gophisticated' data logging devices, the claims
made for the ease with which such craft could be up-graded must be regarded with caution.

On the military side, the development of the Akron and Macon must rank foremost in the

developments of the inter war years. Anyone who has read Richard Smith's extraordinarily
fine book cannot fail to be surprised and heartened by the enthusiasm and progress that was
achieved, nor can they ignore the lack of administrative liason, the funding difficulties, and
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the vague feeling that many elements within the project had differing ideas about what function
the craft were in fact, designed for. One would venture a guess that far too little planning
was done, especially in determining the operational requirements of the craft, at the pre-
construction phase. That is conjecture, what is not, is that these craft were, at best, a
limited success, and all the while, waiting in the wings and growing larger, more powerful,
more potent, was the aeroplane, destined to overshadow the airship almost completely. That
this was so was due far less to the undoubted technical failures of the large airship, than to
the economic profitability and ease of reaching diverse markets, coupled with the wider
throughput, and greater reliability of service which the aeroplane offered at the time.

PRESENT DAY ASSESSMENT TECHNIQUES

Why such a long introduction, simply because many of the basic criteria contained have not
been recognised by many of those that support the introduction of the airship as a transport
service device. The use of the word 'introduction' rather than 're introduction' is intent-
ional, for reasons which I hope have been mude obvious.

The world has come a long way, politically, socially and economically since those far
off days. It may be argued that it has not gone the right way, but what is certain is that
critical assessment of high cost technology, or of technology that may have wide ranging
implications has grown up, fast.

We live in a world of extensive communications, of multi-national corporations indulging in
a multitude of differing activities, of rapidly developing markets, and of rapidly escalating
costs,

We have reached a stage where the travelling public think little of travelling in an aircraft
costing thirty million dollars, which is, as near as dammit, perfectly constructed, and is
operated by an organisation massive in its support, training and maintenance facilities. That
aircraft is not simply an established part of our transport infrastructure, it is the develop-
ment not of a single company, but of fifty years of overall aeronautical development, a
development which, in recent times at least, has become coordinated internationally in all
aspects of its operation to an unprecedented, and uncompleted degree; specifications and
safety requirements, of unheard of severity are laid down for everything from a glider to

a Jumbo jet by international organisations, and design standards are established long before
the first nut and bolt have been put together. In simple terms, everything that flies today,
other than the simplest light aircraft, is the high cost product of a high cost, large scale
operation, not the smallest of these costs, naturally enough, are due to the heavily increased
administrative costs which accompany operations of this scale.

And yet, into this 'new arena' of cost estimation, came a strange body of men, enthusiasts
one and all and, in many cases, simply not appreciating the cost of developing the points
made above. This is by no means a total observation, but it does apply to a dishearteningly
large number of people who are now waving the flag for airships. One of the main reasons
for this strange state of affairs is almost certainly due to the fairly distinct division which
at present exists within the fledgling airship movement, on the one hand, the engineer,
obviously unlikely to have been professionally connected with Lighter Than Air for any con-
siderable period of time, or indeed likely to have been involved in anything approaching a
large investment programme of research into L. T. A, and on the other, the marketing man,
who is obviously keen on drumming up interest in what is, potentially at least, a very large
area for investment. In many cases it must be obvious that each, although passionately
enthusiastic, often has little contact with the other, and neither appears to take account of
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the other transport modes available, and of the effect the reaction of these other modes to the
project would have on the overall potential of the scheme.

There is a bewildering array of designs at present available, ranging from the conventional
to the unlikely, with round, flat, double hulled and other hull forms, and power units ranging
from diesel engines to atomic reactors. Buta question which must be asked is what were
the design considerations that produced these ideas? If one sees a 400 ton payload craft for
example, why not 2 500 or 800, or 200 ton ship. Have the advantages, and difficulties
involved in designing for higher speeds and larger sizes been sufficiently appreciated from
the vital economic as well as the technical aspects, and to what extent is current aircraft
data concerned with areas such as handling characteristics been extrapolated in order to
provide even technical justification for the various craft. Most important of all, what
markets and products have these craft been designed to cater for? In many cases it would
gseem that this question has been left alone. The assumption being that, if a craft of a certain
size and transport capacity exists, then the market will gravitate towards it. Thisis a false
premise, and represents a classic case of putting the cart before the horse. Without a
knowledge of the market then no design can claim proper viability.

The results of this present attitude may be summed up as follows:

1. The majority of the largest, most ambitious designs originate from the smaller
design concerns. Many of whom are operating on a part-time, unfunded basis.

2. Many of the 'failure areas' of previous rigid airships have not been properly
considered. Most notable amongst these areas being the structural inadequacy,
high maintenance, and high manpower requirements of the conventional
Zeppelin design.

3. There is a tendency to assume that a particular type of construction is ""the
pest"' rather than realising that the type of construction which represents
an optimum is dynamic and varies with, size, speed, and market.

4, In general, and for a variety of reasons, the unit costs, development costs,
and administrative costs of running such a project have been underestimated,
in some cases to a ludicrous extent.

5. Very little attention has been paid to " off vehicle" costs, those associated
with terminal facilities, maintenance etc.

6. Many organisations have presented the "final model" of their craft, without
giving any indications of the cost and extent of the pre-production and
prototype programme.

7. The time to in service operation is often so little that it must be considered
that in many cases, the design process is agsumed to be complete. If the total
funding and manpower inputs are examined this will be an unlikely situation.

8. Little attention has been paid to the fact that no airship building infrastructure
exists. Hindenburg for example was the end product of an organisation that
had been inexistence for forty years. (With a very large proportion of the
original staff still employed.) The loss of these indefinable advantages which
result from the existence of such a 'worked up' organisation are assumed to
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be catered for by the rather nebulous term "advances in material technology''.
These advantages, certainly in many areas, are less than is generally supposed,
and often will impsse a high cest disbenefit on the craft, which is usually ignored.

Most of the above reads like a roll-call of horror. It might reasonably be inferred that the
purpose of this report is te dampen the rapidly growing interest in L. T. A, Nothing could be
further from the truth. The airship appears to offer a number of very promising areas for
investment and development. The purpose of the foregoing has been to ensure that these
areas of development are examined from a suitably critical viewpoint.

ANALYSING THE MARKET

It has already besn stressed that there is no single optimum type of airship. It is unlikely

at this stage that any single agency is going to finance a world survey in order to evaluate

the potential application of virtually all freight movements to the airship. Indeed such an
exercise would be purely academic. Reasonably enough, most interest in the use of airships
will continue to centre around those market areas that are not providing good enough econo-
mics at present, or are failing to meet the demand that is present. This failure may be due
efther to a lack of availability of the present transport mode or to certain inherent deficien-
cies in the mode (high running costs, labour intensive etc.) or it may simply be that the
market has expanded greatly, and the mode has been unable to expand with it, whilst retaining
its initial profitability. There is a second area of very great importance, where markets have
developed without the associated ground based transport infrastructure having been developed.
This often occurs in areas that have experienced rapid economic growth in recent years, and
that have extraordinarily difficult topographical problems (mountains, forests, etc.).

It is likely therefore that the market that will require investigation will be a victim of one or
more of the above constraints, and that the market will be suggested by an outside source.
The problem that then presents itself is one of comparing the likely costs of meeting demand
using an airship with the costs involved using an alternative system.

BASIC CONSIDERATIONS OF THE AIRSHIP

Initially, having decided on an area of investigation, some form of "first pass' estimate must
be obtained to determine whether there is any hope whatsoever of using the craft profitably.
To this end it may be useful to state some fairly safe assumptions.

1. The conventional airship is slower in airspeed than an aircraft.
2. The trip end facilities required for an airship are less than for any aircraft,
and for airships with payload ranges of 2 - 20 tons or thereabouts they are a

lot less than for an aircraft of similar capacity.

3. An airshi];;s running costs (in terms of fuel costs) increase rapidly with speed,
and relatively slowly with size.

4. The annual utilisation of a small airship should be as good as that of a small

aircraft.
5. The initial utilisation of a large craft would be unlikely to be even as good as

a large aircraft.
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6. The first costs of a small airship (payload range 2 - 20 tons) would, or rather
should, be less than for an aircraft of similar size.

7. The first costs of a large airship would be unlikely to be substantially less than
for a large airliner.

8. A small to medium size airship would be capable of a far quicker time to in
gervice use than a large craft. ‘

9. The degree of investraent required to produce facilities for building and main-
taining a large airship would be disproportionately high in comparison to the
sums required for a small craft.

With the previous statements in mind, let us now examine the basic steps necessary to
evaluate any particular potential area of application.

Historically, there has always been a relationship between the various sizes of craft and the
type of construction which represented an optimum for each size range. These were approx-

imately as follows:

1t

Simple "Blimp" type {1000, 000 Cu. Ft.

n

Semi Rigld Type 200, 000 - 2000, 000 Cu. Ft.

1000, 000 - 8000, 000 Cu. Ft.

" Zeppelin'" Type Rigid

Nowadays it is suggested that improvements in technical design capability have not only
resulted in the coming into being of several new types, but have increased the size range

for the craft very considerably.

Simple "Blimp" type = 41000, 000 Cu. Ft.

Internally Supported = 1000, 000 - 25, 000, 000 Cu. Ft.
HBlimpn

nZeppelin" Type Rigid = 1000, 000 - 50, 000, 000 Cu. Ft.
Monocoque (Supported) = 2, 600, 000 - 200, 000, 000 Cu. Ft.
Type Rigid

These are generalisations, and do not represent the thoughts of all connected with L. T. A.
(Notable exceptions would include the Blimp designs of Argyropoulous and Sonstegaard,
which are larger than any sizes here considered) But, in general, they are a fair example

of current design trends.

With these basic classifications in mind, the basic steps involved in evaluating ''an airship"
against any selected market may be considered as follows.
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ANALYSING A MARKET. NINE FUNDAMENTAL STEPS

1. Analyse data relative to existing and projected commodity flows for selected
markets.
2, Examine the topographical and meteorological data to obtain payload and

utiligation figures for a craft,

3. Based on information obtained so far (tons/year and utilisation) construct
a graph of number of craft/size of individual craft. -

4. Modify this infocrmation to take account of a network transport system (i. e.
on-going poods with seperate pick-up points) if this I8 required.

5. Examine trade offs between increased speed (greater fuel consumption,
different power requirements etec.) and size (trip end facilities, mooring
facilities, assembly and difficulties, construction costs, control problems,
etc.) relate results obtained to Item 4.

6. Having ascertained size and and number of craft required (based on 'convent-
fonal' airship types and speeds, determine capital costs for craft, together
with costs for trip end facilities.

7. Determine arnual cash outgoings for the operation including maintenance,
insurance, return on capital, fuel and manpower costs, to provide a total
cost/year.

8. Divide total costs/year by tons/year to be operated to give a costs/ton.

9. Compare costs so obtained with costs/ton obtained by existing or projected

alternative modes, conduct a risk analysis on this figure, and, based on the
results obtained Go/No Go.

The reason for evaluating designs based on conventional theory, moving at conventional
speeds, is based solely on the philosophical principle known as ""Hackmans Razor', that is
Investigate the most likely answers first, a simple enough concept, and one that is frequently
forgotten. :

MARKET ANALYSIS FOR MILITARY APPLICATIONS

Nothing has been said so far about the potential of L. T. A. to military applications. This is
solely because the criteria for evaluation are so very different to those normally applied to
civil applications. Much will doubtless be said about military applications during this
workshop, and it is an area which Aerospace Developments has investigated at length. Within
the confines of this paper, all that may be said is that the inherent qualities of long range,
high speed, and good station keeping combined with good payload ability, suggest applications
in both A, E.W. and A.S.W, with perhaps less attractive applications for heavy assault

craft.
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MARKETING

The basic physical parameters which require investigation when assessing the economic
viability of the airship have been outlined. There are, however, a number of factors which
are somewhat subjective, which determine with equal' importance the degree of success which
the project will ultimately achieve. These ngaleable" qualities may be regarded as "'market-

ing".

PROJECT EVALUATION (Figure 1.)

1" The Whole World's a Stage' as Shakespeare said, and likewise what one sees depends very
much upon where one sits. In any airship operation there are likely to be three main
vcharacters' and the prime requirements that each will have in the project, in isolation, are
shown in the illustration. There are other factors which may well be advantageous to the
project, yet which have nothing to do with the basic requirements of either the customer, the
operator, or the manufacturer. A prime example of this is the degree to which current air-
craft designs are being factored around nenvironmental" considerations. (Quietness, low
pollution, etc.) Such factors may actually decrease the attraction for the operator (higher
running costs). the manufacturer (higher development costs) and the customer (higher freight
charges) and yet, the degree to which the craft can meet these external constraints can sig-
nificantly improve the market penetration of the type. It is the function of the marketing
aspect of such a project, as defined here, to make the main partners in any such venture
aware of the importance of these external factors.

It must also be remembered that the development of any new transport mode provides a great
opportunity in terms of marketing simply because it is a new mode, especially if it appears
that this new mode may be established at a relatively low cost.

The financial climate is also likely to have an effect on any military development. It is easy
to see that, if funding overall is fairly tight, thena project stands a far greater chance of
receiving financial support if it can be cross justified across civil applications as well. The
pasic design of "an airship" is remarkably similar for any application, be it carrying cargo
or Sonargear ., It would, for example be a very difficult job to justify the B. 1. bomber
as being suitable for use by the Timber Industry also. It is not likely to be 80 difficult for
an airship!

THE " TRANSPORT EFFICIENCY" OF THE AIRSHIP

The functions of illustrations 2, 3 and 4 (Ref. 1) is simply to show that we are living in a
world where fuel costs are likely to rise, and where oil fuel 1s likely to continue to be req-
uired in ever increasing quantities for transport use. Figure 5 ghows the dramatic increase
that has occurred in air transport which suggests that the ""marketability"" of air transport

is based on subjective as well as objective appraisal and that the decision to go by air is
influenced by powerful advertising pressure. As fuel costs increase so the trade off between
the fuel costs involved and the speed (often perceived rather than real) and charisma of

nair travel" will be examined even more critically. The prospect of the airship, with its low
fuel consumption, its lower initial cost, and its ability to use low grade fuels effectively
must inevitably be considered further. Figure 6 is an attempt to rate this efficiency in
relative terms, based on information collated by Bouladon of the Battelle Institute. It reveals
a craft with transit speeds of an express train, or double that of heavy ground transport
operating under idealised conditions, with a fuel consumption barely greater than the lorry,
yet without the necessity for the massive investment in roads and railways that conventional
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systems demand. It is an aircraft in the true sense of the word, offering good access capab-
ilities, with the possibility of remarkably low fuel costs and, at least in the smaller sizes,
low trip end costs, surely a concept worthy of further consideration.

CONCLUSION

This has been a brief discourse, couched in general terms for a general public, but I hope
that it has shown that much time, effort and money Las already been spent on examining the
application of L. T.A. to a wide variety of operationa! areas. There is no such thing as an
"ideal" airship. Each case, aud each application MUST be considered in its own individual
light. There are many areas of such evaluation that will remain subjective, at least for a
considerable time, but the ability to interpret these areas, and to ascribe to each of them
their relative importance does exist, and should be utilised. The Chinese have a proverb,
"The Flower must Grow from the Seed'. It will require very little investment to ensure
that this first small seed is well planted, and from this, and this alone, will the true
potential of this exciting phase of transport development be discerned.
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PROJECT EVALUATION: THE FOUR VITAL FACTORS FIG.1
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Speedy delivery.
Lows cost.
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TRANSPORT IN TERMS OF ENERGY CONSUMPTION
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CHROWTH OF WORIL.D TRAFFIC 1953-1873 FIG.5
w3 1973 1973 B o
x10 x3.6 x2.5 x4

AIR TRAFFIC

ROAD TRAFFIC

RAIL TRAFFIC

WORLD TRADE
x10 x3.6 (6.67% per year) x2.5 x4
(1953-47 milliard pass/km) (7.27 per year)
(1973 =490 milliard pass/km)
SPEED AND ENERGY CONSUMPTION TRADE-OFFS FIG.6
PIPELINE WATER ROAD
speed 20km/h speed Cargo Vessel speed Lorry
450t.mile/USgal 30km/h (return empty)
400t.mile/USgal 90km/h
43t.mile/USgal
energy consumed energy consumed energy consumed
RAIL AR AIRSHIP
speed (40% empty tracks) speed (80%payload) speed 160km/h
tiCkm/h 900km/h 32t.mile/USgal
166t.mile/USgal 4.3t.mile/USgal
energy consumed energy consumed energy consumed
BOULADON/BATELLE
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BASIC RELATIONSHIPS FOR LTA TECHNICAL ANALYSIS

Raymond A. Ausrotas*

ABSTRZCT: An introduction to airship performance is
presented. Static lift equations are shown which, when
combined with power requirements for conventional air-
ships, allow parametric studies of range, payload, speed
and airship size. It is shown that very large airships
are required to attain reasonable speeds at transoceanic
ranges.

INTRODUCTION

The performance equations for airships are presented as a basic
introduction to the technology of LTA. The lift equations are based
upon aerostatic lift principles;the drag equations assume airship
fineness ratios (length to diameter) of past airships and con-
ventional fuel sources and engines. Itl}§ sBown then that the
Lift-to-Drag ratio is proportional to ¢’ 7/V ,where C

is capacity and V is the velocity of the airship, indicating that

to maintain the same L/D ratio while increasing speed calls for a
huge expansion of airship size.

*Associate Director, Flight Transportation Laboratory, Massachusetts
Institute of Technology, Cambridge, Mass. 02139
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AIRSHIP PERFORMANCE
Lift

perostatic lift is the basic means of carrying a payload in LTA
craft. According to Archimedes' principle a body jmmersed in fluid
is bouyed up with a force equal to the weight of the displaced
fluid. The object of the airship game is to displace a large weight
of air--the bouyant force obtained being equal to the weight of the
air displaced. Although the jdeal airship would be a vacuum vessel,
obvious structural problems inhibit this solution, and some lighter
than air gas is used to maintain the structural integrity of the
airship. Thus the gross lift capability of an airship is equal to
the bouyant force minus the weight of the ship, oOr

= P - p
Lgross ~ ‘air body pody body (1)
or, neglecting structural weight,

A

body (2)

Lyross ~ (Pair ~ Pgas

since P_._ = 0.077 lb/ft3 and ° . = 0.011 lb/ft3, a thousand
air helium
cubic feet of helium "1lift" about 66 lbs.

This is at standard air temperature and pressure conditions. cCorrec-
tions are usually made for water vapor and impurity of the lifting
gas, as well as percentage of inflation of the gas cells at liftoff.

At 5,000 feet the density of air is about 86% of sea level density,
and at this altitude one thousand cubic feet of helium 1ift only 54
1bs. (Changes in temperature and barometric pressure at any height
also affect 1lift, sometimes producing the condition of wfalse lift.")
The ship will continue to rise until the altitude at which the
bouyant force of air will just support the total weight of the air-
ship (including the weight of the helium). This is the operational
static ceiling.

wpressure height" is reached when the gas cells of the airship are
completely full; as the ship rises, reduction in barometric pressure
permits the helium to expand; flight at a higher altitude produces
helium loss, either by purposeful venting or destruction of the

gas cells. 1In the past, airships have cruised at about 2,000 feet
with a pressure altitude of about 6,000 feet. While this procedure
saved helium, it reduced the payload and resulted in routing problems
in mountainous areas.
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"Superheat” is another common lifting phenomenon in LTA. Positive

superheat exists when the temperature of the lifting gas is greater

than the ambient air temperature; negative superheat is the reverse.

An increase in gas temperature results in decreased density of lift-

ing gas and increased gas volume. A superheat of +4.3°F results

in a l% %ncrement of 1ift when the airship is lower than its pressure
2.

height

In addition to static 1lift, an airship can obtain a certain amount

of dynamic lift from the engines. This varies depending on the power
of the engines and the shape of the airship. Dynamic lift in the
past has been about 10% of static lift. Dynamic lift can allow an
airship to "take off heavy" from a runway similar to heavier than

air vehicles, but it also requires additional power and fuel,
negating some advantages of LTA.

The payload that an airship can lift, then, depends upon the "capa-
city" of the airship (the cubic feet of volume of the lifting gas),
the structural (fixed) weight of the airship (hull, engines, cover-
ings, instruments), plus ballast, crew, equipment and fuel. Air-
ships have had a 50/50 ratio of useful payload to structural weight;
the weight of the hull alone for rigid airships has been approximated
as

whull(tons) = llc . (3)

where C = capacity in millions of cubic feet. Assuming the 50/50
ratio to hold and further assuming that the hull accounts for the
great majority of the structural weight, the useful lift available
for payload and fuel is, in tons,

L ¢ = llC (4)

This formula agrees approximately with the experience of the past,
where the useful payload has been about 30% of the gross lift,
since assuming incomplete inflation, gas impurities, etc., gross
lift of a helium airship is about 60 lbs per 1,000 cubic feet, or,
in tons

L = 30C (5)
gross

Given technological improvements in structures, an airship designed
today would probably have a higher payload/structure ratio and hence
lift a somewhat greater useful load.

Power

The drag for an airship can be formulated similarly to that of HTA
craft. For airplanes

D = CD P/2 s V2 (6)
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drag

density of air

airspeed

area

dimensionless drag coefficient

where

D
p
\Y
)
C

For airships, then

2/3 V2

D = KA p/2 C (7)

where K, = whole ship drag coefficient
¢ = capacity of airship (c2/3 = 8)
v = velocity of airship '

The power required to overcome the airship drag is
p = Drag X velocity (8)
or, defining a new ndrag" coefficient, L (ka = KA/SSO),
Maximum Horsepower = k 02/3 V’3 (9)

where v = maximum airspeed

Equation (9) allows trade-offs between horsepower, speed and capacity
to be made, once ka is known.

From the data on actual airships built, k_ can be determined. Table
1 shows the characteristics of past airships 3,4,5.

Table 1

principal characteristics of past Airships

Airship Fineness Capacity Horse- Max. Speed ka
Ratio (m.cu.ft.) power (mph)
172126 -3
108 Angeles 7.3 2.5 2,000 73 2.79x10
17 127 : -3
Graf Zeppelin 7.8 3.7 2,650 80 2.17x10
R.100 5.4 5.6 3,960 82 2.28x107°
ZRS 4/5 -3
Akron/Macon 7.9 6.5 4,480 84 2.17x10
1z 129 -3
Hindenburg 4.4 7.1 4,100 88 1.63x10
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As an approximation (for large airships) ka is assumed to be 0.002.
Thus, from equation (9), ’

2/3 V3

HP = 0.002 C (10)

For range estimation, the specific fuel consumption must be known.
This can be taken as 0.5 1lb. per BHP hour.l'6 The weight of fuel
used per hour at any speed, converting to tons/hour, is:

W (fuel/hour) = 0.00025 HP (11)

The maximum endurance of the airship, E (in hours), will come about
when the payvload consists totally of fuel.

Assuming that total net lift 'is used for fuel, from equation (4),

11c =(0.00025 HP)E , (12)
orxr
_ 11c
E = 0.00025 #p (13)

or, substituting equation (10)
E = 2.2 x 107 cl/3 / v3 (14)
Then the maximum range of the airship is (excluding headwinds)

Rmax =BE x V (15)

or

R =2.2x107 c1/3/v2

max (16)

One item neglected in this discussion is the cruise altitude--it is
assumed that an airship operator would choose the lowest altitude
possible since there is a sharp loss in range with increased opera-
ting altitude, independent of all other factors.

Figures 1-5 present a parametric study of large airships based upon
the given assumptions. It can be seen that exceedingly large air-

ships are required to reach oceangoing ranges at higher speeds: an
airghip of 30 m.cubic feet capacity is needed to cross the Atlantic

at speeds above 125 mph, given some fuel reserve requirements. An
airship of 7.5 m.cubic feet can carry a payload of 25 tons at 80 mph

5,000 miles. 1If the speed is increased 50% to 120 mph the range that
the same payload can be carried drops to 2,000 miles. To be able to
achieve the same payload~-range combination at the higher speed, an
airship capacity of more than 30 m.cubic feet is required.

It is also interesting to look at the lift to drag ratio for air-
ships. From equations (5) and (7),
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L/D = K cl/3 / v2 _ (17)

This provides another illustration of the penalty of high speed in
airships. If the cruising speed were to pe doubled and the designer
wished to maintain the same L/D ratio, the capacity of the airship
would have to be expanded by a factor of 64. If the same gas volume
is maintained, on the other hand, the L/D ratio drops by 2 factor of

4.

FIGURE 1
Horsepower vs. Capacity
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FIGURE 3

Payload vs. Range
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FIGURE 5

Payload vs. Range
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THE EFFECTS OF SELECTED MODERN
TECHNOLOGICAL CONCEPTS ON THE
PERFORMANCE AND HANDLING CHARACTERISTICS
OF LTA VEHICLES

Carmen J. Mazza*

ABSTRACT: The results of an airship design sensitivity study, a
prelude to a more in-depth, impending follow-on analysis is presented.
A wide variety of airship design concepts, including the classical and
high aero-lift augmented-hybrids are examined with regard to specific
technological improvements and consequent gains in performance, stabil-
ity and control and flying qualities., Variations in size, payload,
power required and airspeed are quantitatively analyzed for airships
representing aero-to-buoyant lift ratios of zero to 3.0 over a range
of technology improvements implying reduced drag, reduced structural
weight fractions and lighter, more efficient propulsion systems.
Qualitatively, future airships are discussed in terms of stability,
control and flying qualities requirements dictated by projected demands
for vastly improved operational effectiveness and ease of handling.
Suck topics include stability augmentation systems, load-alleviation
systems and total computer state-sensing and controls management
systems. It has been shown that, for the most part, highly refined
conventional designs offer attractive gains in both performance and
ease of handling. Hybrid airships represent a good potential for
missions requiring the transport of heavy payloads at higher airspeeds
over shorter ranges without the capability for sustained hover and
vertical flight.

NOMENCLATURE
A = Aspect ratio
Cp = Drag coefficient
CL = Aerodynamic 1lift coefficient
d = Maximum diameter of airship (ft)
D = Vehicle air displ%cement (1bs)
HP = Horsepower (550 It 1bS)
k = Burgess "inverse drag factor"
= %_!;ii__ (for drag non-dimensionalized
D °ref. in conventional aircraft terms)
La = Aerodynamic total lift = C; q S (lbs)
Lp = Buoyant lift (lbs)
1 = Overall length of airship (ft)
pCp = Percentage change in drag coefficient
Pug = Percentage change in wg
pwp = Percentage change in wp

* Head, Flight Dynamics Branch, Naval Air Development Center,
Warminster, Pennsylvania, U.S.A.
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Dynamic pressure = 1/2 eair v2 (lbs/ftz)

q =

R = Range (naut. miles)

Sy = Main lifting surface area of hybrids (ft2)
ty = Mission duration (hrs.)

\' = Total volume of airship (ft3)

Vgas = Volume of buoyant gas (ft”)

v = Airspeed (ft/sec)

Wy = Weight of air and gas (1bs)

Wy = Weight of structure (inner and outer) (1bs)
W3 = Weight of ballast, crew and misc. (1bs)

Wy = Weight of propulsion system (incldg. engines, fuel, etc.) (1bs)
Wg = Weight of payload (1bs)

W,' = Component weight fraction = ﬁn

we Specific fuel consumption (lbs/HP hr)

Propulsion system weight per unit powef (1bs/HP)
Mass density (slugs/ft3)
Weight density = g (lbs/fts)

7%
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FOREWORD

The material contained in this paper has been drawn, in part, from a current Naval
Air Development Center Study entitled, vAdvanced Technology Airships: Feasibility
for Naval Application", tasked by the Naval Air Systems Command H.Q., Washington, D.C.

(AIR-03P3). The scope of the Center study includes the examination of LTA vehicles
for military applications with emphasis on the Naval escort /surveillance mission as
a tentative design reference. Included as a final output of this year's effort will

be a technical parametric data base for a variety of LTA

concepts, associated cost

projections and an analysis of several other candidate Naval missions for Lighter-

than-Air Vehicles.

Despite the interest in the feasibility aspects of the study, a position will not be
adopted until late in the investigative period. Therefore, a smaller but nonetheless
interesting segment of the Center study has been selected for this LTA Workshop paper.

BACKGROUND

Airships compiled an impressive record commercially and militarily, both for scope

of endeavor and safety during their operations; first by

Germany during WWI, through

the commercial years of the twenties and thirties and finally by the United States

Navy, which terminated airship operations in the early s
of over thirty-five years of development the airships ev
short-lived LZ.1 of Count Zeppelin in 1900 to the magnif
of 1928 and finally the j11-fated LZ.129 Hindenburg, rep

ixties. Throughout a period
olved from the fragile and
jcent LZ.127 Graff Zeppelin
resenting the pinnacle of

airship technology, which exploded and burned at her mooring mast at Lakehurst on

6 May 1937. The Hindenburg disaster signifies for many

the unequivocal end of the

rigid airship as a practicable airborne vehicle. However, jt is more realistic to

recall that Germany, which contained by far the stronges
was forced to exclude the airship from further developme

t nucleus of airship technology,
nt because of a lack of

helium and because of pressing commitments to develop her heavier-than-air power for
the impending WWII. Having built 138 airships, most of which were technologically
highly successful, Germany brought an abrupt halt to the technology by destroying the
Hindenburg's sister ship the LZ.130 Graf Zeppelin II, the facilities and all
peripheral airship equipment then based at Friedrichshafen. Until recently no nation
with the potential capability to follow through with a major airship program has
attempted seriously to assume responsibility to carry on the development of a modern

rigid airship.
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The airship has long been secn, although somewhat skeptically, as an attractive Anti-
Submarinz Warfare (ASW) platform because of its long endurance and considerable pay-
load capability. However, considerations of low speed, vulnerability and all-weather
performance have in the past offset these assets. Today, however, with the applica-
tion of modern technologies in materials, avionicss systems, propulsive systems,
structural Jdesign, stability and control and meteorology the airship is again being
considered “ecause its notential for sustained and effective surveillance appears to
be well-matched to todays' threat. In fact, the ASW Search and Surveillance Program
Advisory Board sponsored by NAVMAT 03, concluded in November 1972, in their summary
report that '"Airships warrant another look in light of current trends in sensors,
operating missions, and tue threat".

The U. S. Navy, as in the past, is once more considering the rigid airship as a means
of potentially satisfying a number of future mission roles. In 1968 a parametric
study of conceptual LTA vehicles was completed by the Goodyear Aerospace Corp. for
the Naval Air Development Center (reference 1). The conclusions arrived at in the
work of reference 1 still stand as an indication of the technical feasibility and
operational attractiveness of the modern LTA vehicle and further, point out the need
for serious research and development to achieve more nearly optimum and operationally
effective airships.

INTRODUCTION

There are a number of technologies which, during the past forty years since airship
design has been laid to rest, have advanced to a point of offering a modern dirigible
"obvious" benefits. Such technologies as structural mechanics, materials and even
meteorology belong in this category. Another technological branch which has grown
very rapidly within the same period which offers perhaps less obvious benefits is
aerodynamics; including stability, control and handling qualities., Several aero-
dynamic concepts have evolved from development work in low-speed boundary layer
control alone which could be applied to reduce drag and render control surfaces more
effective on a future airship. Likewise, developments in the field of airborne real-
time digital flight control systems can potentially provide not only direct control
of an LTA vehicle but could be of great benefit in presenting the pilot and crew
with a continuous, up-dated status of the location and amount of ballast and valving
gas available for retrimming the ship at any time,

This paper reviews the advantages of the following specific aerodynamic and stability
and control concepts and/or considerations with regard to performance and overall
handling qualities of future airships.

a. Optimal Aerodynamic Shapes; including the classical symmetrical/cylindrical
shape, a derivative therof and the lifting body/hybrid configurations.

b. Augmented Lift and Maneuvering Devices; i.e., the use, primarily, of
thrusting devices for augmenting buoyant lifting and aerodynamic controls.

¢. Boundary Layer Control; as a means for improving the aerodynamic efficiency
of the vehicle and for improving the effectiveness of aerodynamic control surfaces.

d. Automatic Flight Control and Stability Augmentation Systems; including
automatic trimming functions, load-alleviation functions, stability augmentation
and total computer state-sensing and controls management systems.

Although limited in scope quantitatively (primarily due to the short span of time
since this study was initiated but certainly also due to a lack of hardened
experience in the, perhaps lost, art of airship design), the objectives of this

- paper are to; 1, point out the advantages of the more practicable, least-risk
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modern technological wares and concepts afforded to the rigid airship now, 2,
communicate the U. S. Navy's commitment to ascertain the feasibility of LTA for
future mission roles and 3, stimulate the thinking and communication among those
who will comprise the new airship technological community.

CONCEPTUAL DESIGNS

Four generically different design concepts have been chosen for analysis. These are
illustrated in Figure 1 and are jdentified as: A. Classical, B. Modified Classical,
C. Delta and D. Wing-Augmented.

A. CLASSICAL

8. MODIFIED
CLASSICAL

D. WING-AUGMENTED

FIGURE 1, AIRSHIP DESIGN CONCEPTS:
CONVENTIONAL TO HYBRID i

Designs A through D represent a reasonable cross-section of the spectrum of both old
and recently discussed and nroposed concepts. They range from the neutrally-buoyant
(La/Lp = 0), optimum fineness ratio cylindrical type to the high 1ift-augmented
(La/Lp = 2 to 3) "Megalifter" (see reference 2) hybrid type. '

The aerodynamic characteristics of concepts C and D are as significantly different
from either the classical or modified-classical designs as are the missions to

which such progressive designs might be usefully applied. In general, the power
requirements for the high 1ifting body and hybrid classes of airships rise rapidly
with increasing departure from the classical form thereby tending to reduce signifi-
cantly the range over which reasonably large payloads may be carried. Such designs
as the delta and wing-augmented types invariably preclude a VTOL and hover capability
as well; a characteristic long considered highly useful in conventional airships.
However, the comparison of these characteristics (and others as well) among concepts
A through D will be presented in more explicit terms below.

Since the primary objective of this paper is to determine the advantages of applying
improved technology to the airship, a reference classical design was chosen about
which to perturbate the design parameters and the consequent improvements in
performance.

An airship of circular lateral cross-section with parallel mid-body and assumed

elliptical nose and aft-body longitudinal cross-sections was chosen and sized to a
total volume of 10,000,000 ft3. This airship, referred to herein after as the

136



'basic design', is intended to represent approximately a 1930 state of technology.
Figure 2 presents a two-view drawing of the basic design and a summary of its charac-
teristics.

b=

¥ =10, 000, 000 13 Vgas *. 85Vt 5.L)
D = 763,500 Ibs Gas: Hellum
Vicrulse) = 63.5 s Gas weight fraction (W{") = 288
Payload (W5) = 100, 000 tbs Structural weight fraction (W2" = . 300
HP = 3900 Crew, Batlast and Misc. weight
Range = 1900 nautical mifes fraction (W3'} = , 055
{out and return) : | » B64R
= 3800 nautical miles de 9.41
(out oniy o

FIGURE 2. TWO-VIEW DRAWING AND GENERAL
CHARACTERISTICS OF REFERENCE
CONVENTIONAL AIRSHIP DESIGN

PERFORMANCE AND SIZING TRENDS

In order to show the potential advantages of reducing drag, structural weight and
propulsion system weight (regardless of means) the basic (conventional) design was
perturbated using a range of improvements believed to be representative of the
current technology. Volume, power, airspeed and range are indicated over the
assumed range of improvements in drag and component weights.

To provide some insight into the possible advantages afforded by severe shape changes
it was decided to examine, as a class, those airships which employ either lifting
bodies or surfaces to derlve a significant percentage of their toal lifting capablllty
Such airships can be considered to be represented by a range of des1gns varying from
concepts B to D previously introduced.

Trends in Conventional Airships

All performance calculations for this and the following section on lift-augmented
airships were made to preliminary design levels of accuracy. Several assumptions
were made to '"lump', respectively, drag contributions, propellor efficiencies,
variations in power output and propulsion system factors and weight components

in order to facilitate rapid calculation of the trends. It is believed that the
results arrived at are in no way significantly compromised by the assumptions made.
On the contrary, the simplistic approach taken in these calculations is necessary

to gain a quick, quantitative feel for the design sensitivities in order to plan for
more effective follow-on analyses.

One of the limitations of airships, viewed as serious by many, is airspeed. Airspeeds
were usually in the 50 to 70 kts range; very slow by comparison with today's

aircraft standards. In attempting to increase the speed, for instance, of a
10,000,000 ft3 conventional airship from 70 to 90 kts we see in figure 3 that the
total horsepower required more than doubles; and for yet another 10 kts the power
more than triples. However, additional speed attained through increased power
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yields quickly to diminished returns with regard to payload since, in this case, a
one to one tradeoff must be made between every pound of additional propulsion system
and fuel weight and the payload.

»

” -
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FIGURE3, SIZING TRENDS OF CONVENTIONAL
AIRSHIPS

The payload would have suffered greater still because of the increased weight of a
stronger structure and outer covering to compensate for the greater loads imposed on
the airship. Today more practical tradeoffs in power, speed and volume may be
possible through significant reductions in drag and structural weight and through

s

improvements 1n propulsion system characteristics.

Equation (1), below, was obtained from reference 3. It provides a convenient form
to relate the design factors of drag airspeed, power and propulsion system character-
istics to the sizing factors of volume, displacement and payload.

2/3 3
(1-W,'-W,'-Wz') D = (w, + t)D air ¥ W
=Wy =%2 773 = Wp * ¥¢ ITm) = 39K + W
Q)
D
V:..-'—-—:——
e air

Exercising equation (1) about the characteristics of the basic design (figure 2)

the sensitivity of diminishing drag on volume airspeed, payload and power was
determined. Percentage changes in the drag coefficient Cp (relating to K) of -5,
-10, -15 and -20 percent were conservatively chosen to represent drag reductions
which might be readily achieved through body design changes (submersed protuberances
and re-shaping to minimize base drag).

Figure 4 (a through d) presents the results of first reducing drag (figure 4 (a)),
reducing wz', w, and wg (figure 4(b)), increasing power (figure (c¢)) and finally,
in figure (d), effecting all improvements. A total mission duration of 60 hrs.
was kept constant. Only modest gains in airspeed are seen to be realized. Even
with a 20 percent reduction in drag only 5 kts additional speed is gained.
Sacrificing payload 50 percent only yields a total gain in airspeed of 8.5 kts.
Considering improvements in both structural weight and propulsion system a total
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airspeed increase of over 11 kts or an improvement of 18 percent in airspeed can be
realized. Doubling the power to overcome the drag, the best airspeed that can be
achieved (under the present assumptions) for a 10,000,000 ft3 airship would be 87 kts

(an improvement of almost 40 percent), but for this, 20,000 lbs of payload would have
to be sacrificed.
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Table I below presents a summary of the technology perturbations and the percentage
improvements in airspeed.

TABLE I
SUMMARY OF ATRSPEED IMPROVEMENTS
(CONVENTIONAL AIRSHIP)

Structural A
Figure Drag Fraction Propulsion | Power Payload | Airspeed ﬁeL
') | Wy, we) | (HP) (Wg) ™)
4(a) Basic »1 63.5 kts -
4(a) -20% Basic > 68.6 kts | 8.0%
4(b) -20% -30% -25% Basi¢c ——————| 75.3 kts [18.6%
4(d) -20% -30% -25% +100% -20% | 87.0 kts |37%

The most significant reductions in the drag of a conventional rigid airship can be
achieved through boundary layer control. Experiments conducted on non-rigid (pressure)
airships have indicated a reduction of approximately 15 percent in, primarily, base
drag for small (V< 1,000,000 ft3) designs employing propulsion units within a
circular shroud located at the approximate normal flow separation point on the aft
section of the airship. The use of a large, active boundary layer control system

on a non-rigid airship is limited to external design implementations. Such external
systems can introduce significant drag components in themselves. It appears that if
boundary layer control is to be accomplished effectively the system must be designed
within the hull envelope. It is believed that such 'submerged' systems for rigid
airships could yield drag improvements approaching 25 to 30 percent if designed in
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conjunctiopn with aerodynamically cleaner hulls.

One such design is conceptually shown in figure 5.

FIGURE 5. BOUNDARY LAYER DESIGN CONCEPT COMPRiSING SUCTION AND STERN
PROPULSION

Depicted is a boundary layer control system comprising suction in the region of
normal flow separation and stern propulsion which, in-turn, aids in maintaining

the momentum of the flow near the base of the airship. If feasible with regard

to other considerations, i.e., weight distribution, structural design and duct
losses this system affords considerable attraction in that it also improves the

flow in the vicinity of the high aspect ratio tri-tailed empennage shown also in the
jllustration. Iligher energy flow which is less disturbed in the region of the fins
could yield higher control powers with reduced tail areas as well as improved static
stability.

Maintaining the 10,000,000 £t3 "basic design" volume and payload it is projected
that the speed of conventional airships utilizing the above new technology or its
derivatives could well surpass 100 kts.

Trends in Aero-Lift-Augmented Airships

A new class of airships have heen proposed in recent years which combine aerodynamic
1ifting with buoyant 1ifting in an attempt, primarily, to gain airspeed and improve
payload capacity. Such aero-lift-augmented airships derive aerodynamic lift either
integrally through high-1lifting hull designs or externally through the addition of
lifting surfaces on an otherwise classical appearing hull (fuselage). This class of
airships may be generally represented by design concepts ranging from B to D
previously shown in figure 1.

To examine the sensitivity of sizing and performance factors of aero-1ift-augmented
airships the parameter La/Lp (the ratio of aerodynamic to buoyant 1ift) was intro-
duced into equation (1) along with other terms reflecting induced drag, increased
structural weight fraction and hull/lifting-surface interference drag. Equating the
total weight of the hybrid to the 1lift we obtain
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W)y + Wy ¢ Wy s W, ¢ W = L,+D 2)

where D = L, is the displacement of the airship portion of the hybrid, exclusive of
the displacement of lifting surfaces which are considered negligible. In expanding
equation (2) a number of useful relationships emerge in addition to the final
expression sought for L,/Ly, = f (Sizing + Performance Factors). A short derivation
is given below.

Expanding (2) and dividing by Lj:

. . ,  (wp + wetp)HP , La )
W + W + W P ———— .+ W 2 =+ ]
1 2 3 D 5 Ty

The power required is assumed equal to the basic airship drag plus the induced drag
of the main lifting surfaces. In addition, a 20 percent increase in basic hull drag
was assumed to account for the zero-lift drag of the lifting surfaces and the wing/
hull interference drag. Induced drag was optimistically assumed equal to the
theoretical minimum through the expression

La

la 7

= W
| Induced drag = A (4)

The horsepower can then be expressed as,
2/3 2 L
wp e TP Qay v La () ()
50 k W‘%Pair vZ A

Substituting (5) into (3) and rearranging we obtain the final sizing equation,

' t t 6.67 air VZ

\Z
wl + W2 + w3 + (wp + wftm)§§3 éfﬁ' " +

Sw v La

_ s, =a—a ] ' (6)
'“'J‘rEair ve A 5 Ly ,

The aero-1ift augmented airships were examined over a range of augmentation ratios
(Ly/Ly) of zero to 2.0. A wing loading (L,/Sy) for the hybrids of 35 1hs/ft2 and an
aspect ratio (A) of 8.0 was assumed constant throughout the calculations. An overly
optimistic specific fuel consumption of 0.45 was assumed to represemt an average
modern technology engine of unspecified type. llowever, the powerplant weight factor,
Wp, Was conservatively chosen at 6.0 lbs/HP and may offset the low specific fuel
consumption. The structural weight fraction was varied lineraly from 0.2 to 0.4
over an La/Lb range of zero to 3.0 i.e.,
. Ly

W2 = 0.2 + .065 (EEJ 7N
to account for an increase in the structural weight of these airships with increasing
aero-liftaugmentation ratio. A nominal zero lift hull drag factor of k = 70.6
(corresponding to a Pcp = -10%) was assumed.

L L
(E:) )

In order to select a reasonable mission duration for the bulk of this brief analysis
the payload and augmentation ratio was computed for tym = 10, 20 and 30 hrs over a
range of L,/Lp of zero to 3.0. The airspeed and hull volume assumed were, respectively,
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150 kts and 7,000,000 ft3. Figure 6 shows the resultant plot.
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The payloads obtainable for the assumed conditions are seen to be sizeable and are
sensitive to both La/Lp and mission time. It was decided to choose a ty = 20 hrs

despite proposed mission times approaching 50 hrs for the pure hybrids (the larger
mission times being selected undoubtedly to gain economic cargo-carrying feasibility).

Figure 7 (a through c) presents the trends in payload, size and power for varying
La/Ly and for each of three assumed airspeeds, i.e., 75, 100 and 150 kts. Referring
once again to a 'basic" hull volume of 10,000,000 £t3 at 75 kts (figure 7 (a)) and
an Ly/Lp = 1.0 the payload capability is indicated to be 750,000 1bs; almost 10
times the payload capability of a conventional airship at 75 kts.
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However, as higher speeds are demanded of the hybrid greater hull volumes and/or larger
augmentation ratios are required to maintain equally impressive payloads. The drag
rise incurred at the greater airspeeds is reflected in the additional power (fuel and
power plant weight rising) required and consequently higher hull volumes. The trends,
it will be recalled are similar for conventional airships but are of an order of
magnitude less. This analysis gives no accurate indication of an optimum augmentation
ratio for hybrid airships however, for payloads neighboring a half-million pounds an
La/Lp of 1.7 and a hull volume no greater than 10,000,000 ft3 are indicated. Figure 8
clearly shows that to maintain payload capability at increased airspeeds the lift
augmentation ratio must rise.
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FIGURE & - VARIATION OF AUGMENTATION RATIO AND AIRSPEED ON
PAYLOAD FOR A FIXED VOLUME HYBRID AIRSHIP

STABILITY, CONTROL AND HANDLING CIIARACTERISTICS

A quotation from reference 4 by Max M, Munk addressing the topic of éirship
maneuvering reminds us clearly of the fundamental necessity for stability in airships.

"Bare airship hulls are immaneuverable, and bare spindle shaped arrows have been
known since time immemorial to fly unsatisfactorily. The remedy has likewise been
known since before the dawn of history - the spindle is provided with fins near its
rear end, flexible feathers for arrows, and more substantial ones for airship hulls."

In this section various topics in stability, control and handling qualities will be
considered with regard to the impact modern technology may have on them. No
quantitative data has been provided with which to support the projections postulated.
Considerable attention is yet to be directed toward the '"maneuvering" of a modern
Naval airship as this is a topic which bears heavily on the future operational
success of all Lighter Than Air vehicles.

Basic Stability and Control

The airship, regardless of the actual shape or size to which it may someday evolve,
will always be a slow-responding and fundamentally difficult vehicle to maneuver
without stability augmentation/anticipatory devices. The bare hull characteristics
of the classical (conventional) airship are unstable but easily ''remedied" with
suitably designed fins. Reference 4 and others relate the ahsence of good
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theoretical techniques with which to design the fins for minimum drag and acceptable
levels of static stability. We can assume that if little theory was available for
designing the fins even less was available for designing optimum control power into
the control surfaces. Nothing was knwon back in the 1920's and 30's concerning the
design of dynamic systems using pilot/vehicle closed-loop systems analysis; giving
rise to much empiricism in design (some of which continues today). The introduction
of higher lifting bodies for the hulls of future airships will undoubtedly be
accompanied by additional problems in static stability. The delta airship (concept

¢ in figure 1) is usually severely unstable in pitch and requires careful mass
distribution in order to achieve acceptable static margins. The hybrid airship should
be more design manageable with regard to providing good static stability since there
is some freedom in locating the center of pressure of the wing relative to the hull's
center of buoyancy and the overall vehicle's center of gravity.

pirect Thrust Maneuvering

It appears almost certain that future airships will not employ ballasting as a means
for providing attitude trim. It is desirable to eliminate the use of ballast
entirely but this may not be possible due to its role, along with gas valving, in
providing altitude trim as well. To insure more positive, faster responding control
for both trimming and maneuvering direct, vectorable thrust control will undoubtedly
emerge as a practicable control design. Direct, vectorable thrust control can
provide active control throughout the entire flight envelope of the airship but will
be especially useful in ground proximity operations such as takeoff, landing and
off-1oading/on-loading cargo. The most efficient manner by which to effect such
control would be to incorporate it with the main propulsion system, vice an auxiliary
system. Much has been learned throughout the past 20 years of VSTOL aircraft
development which can be directly transferred to airship control technology. Deflect-
ed slipstream, tilt-propellor, vectored jet-thrust and many more concepts common to
the great variety of VSTOL aircraft can be considered in searching for available
airship control system. The necessity and operational attractiveness of automatic
flight control systems in airships will do much to force the use of vectorable
controls because of their response compatibility (transferring ballast is a slow-to-

respond process and not a reliably repeatable one).

Computer_State Sensing and Automatic Management of Controls

pr. H. Eckner, in his written piloting instructions for the flight personnel of the
airship 'Delag" (reference 5) often cites the awesgme consequences of "inattentive-
ness' on the part of the airship captain and the flight crew. The successful
operation of airships required the highly skillful sensing of crucial airship/
environment states and management of controls. All records, it is certain, are not
clear concerning the loss of airships due to pilot/crew error but it can be reason-
ably assumed that a large percentage of airship accidents were primarily due to such
causes.

At the nucleus of an airship automatic flight control system will be a modest, real-
time, airborne digital computer (within the current state of technology). The
computer will serve to receive all data related to (1) trim state, (2) fuel and gas
states, (3) translational and angular motion states, (4) environmental states,

(5) structural load states, and (6) pilot control commands. All of these and more
(such as navigational, meterological, etc. data) will be sensed at frequencies up to
and possibly greater than 20 times each second. The information will be processed
and signals continuously outputted to drive (1) stability augmentation systems,

(2) flight-director displays, 3) crew-station monitors, (4) altitude and attitude
hold modes, (5) load alleviation systems, (6) gust alleviation systems and (7)
specific flight path maneuvering (for approaches to 1anding, docking, etc.). All

of the above automatic functions are available for use in the modern airship. Some,
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and probably most, will become an absolute necessity. Figure 9 provides a functicnal
diagram of a conceptual automatic flight control system for a modern airship.

o 'SYSTEMS DRIVEN
STATE SENSING (STABILITY AUGMENTATION
e : SYSTEM
TRIM A FLIGHT DIRECTOR
DISPLAYS
FUEL & GAS , CREW STATION
: MONITORS
MOTION . : .
AIRSHIP ALTITUDE & ATTTTUDE
> |aRBORNE] —— HOLD
COMPUTER
ENVIRONMENTAL LOAD ALLEVIATION
'SYSTEM
STRUCTURAL LOADS : GUST ALLEVIATION
: SYSTEM
PILOT COMMANDS | . FLIGHT PATH CONTROL
L sYSTEM

FIGURE 9. fUNCTIONAL DIAGRAM: AIRSHIP STATE SENSING AND
CONTROLS MANAGEMENT SYSTEM .

Simulation and Handling Qualities Requirements

Another beneficial advantage which the designers of modern airships will enjoy in
comparison with their 1930 predecessors will be the use of piloted simulation. Flight
simulation has advanced over the past decade to the point where its use has become
an indispensable aid in the development of all of today's aircraft. The statics and
dynamics of airships are no less complicated than is the static and dynamic behavior
of a modern airplane. Tt is interesting to note that the flight simulation of
airships will, in all probability, require far less sophistication with regard to
visual outside-world displays and motion displacement. Modest display systems and
motion bases of only limited angular and translational displacement and speed of
response will be required. ‘

It is expected that serious simulation efforts will soon get underway to begin
providing designers with the guidance, now totally lacking, concerning stability,
control and handling qualities requirements for a range of airship classes. The
cost and time required for the successful development of an airship more than
warrants serious attention to the systematic development of flight dynamics design
requirements.

CONCLUSIONS

This paper clearly represents only the bare beginning of a vast amount of research
and eventually development which must be undertaken by government and industry alike
in order to build up an airship technology base which has been neglected now for
over thirty-five years.

Airships representing a drastic departure from the classical form have been examined
(albeit briefly) and found to promise attractive performance charactecristics for
equally non-classical missions. The effect of a radical change in shape (typified
by the aerodynamic lift-augmented hybrids) has been found to add to the design
problems normally associated with the conventional airships all of the problems (and
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more) associated with the design of heavier than air aircraft as well. Aero-lift
augmentation ratios in the vicinity of 1.7 for a ten million cubic foot hull volume
were found to yicld a hybrid atrship capable of carrying half-million pound payioads
at specds of over 150 ks, Concepts such as these and many others which were not
discnssed in this paper offer potential advantages to both the military and commercial
communitics and as such should be regarded as serious candidates for future Lighter

Than Air vehicles.

By far, the least risk, shortest development time and highest payoff airship for
Naval applications appears ‘to be a highly modified form of the classical design.
This position, though admittedly premature, is founded principally on the basis

of the necessity for very lengthy mission durations, an acceptance of modest
improvements in speed (v £ 120 kts), respectable improvements in payload

(2 100,000 1bs) and reliance on an established operational experience base with this
class of airships. It has been shown that modern technological improvements can
readily yield such airships without the necessity of assaulting entirely new
technologlcal problems. :
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BOUNDARY LAYER CONTROL

FOR AIRSHIPS | | N76-15028

F. A. Pake*
S. J. Pipitone**

ABSTRACT: This paper summarizes an investigation of the
aerodynamic ‘principle of boundary layer control for non-
rigid LTA craft initiated under the Office of Naval Re-
search, Contract NOnrl412(00)LI. The project included a
wind tunnel test on a BLC body of revolution at zero
angle of attack. Theoretical analysis is shown to be in
excellent agreement with the test data. Methods are e-
volved for predicting the boundary layer development on
a body of revolution and the suction pumping and propul-
sive power requirements. These methods are used to pre-
dict the performance characteristics of a full-scale
airship. The analysis indicates that propulsive power
reductions of 15 to 25 percent and endurance improvements
of 20 to 40 percent may be realized in employing bound-
ary-layer control to non-rigid airships.

INTRODUCTION

The investigation of the application of boundary-layer control to non-
rigid LTA craft was initiated by Goodyear Aerospace Corporation in
March, 1954 under Office of Naval Research Contract NOnrl1412(00)LI.
The project stretched over a 3 1/2 year period primarily because of a
20-month delay during which all effort was suspended while awaiting
the availability of the 7' x 10' transonic wind tunnel at NSRDC (then
called the David Taylor Model Basin). The scope of the study included
the evaluation of the drag characteristics of an airship hull which
employed either suction slots or an auxiliary air foil as a means of
preventing turbulent boundary layer separation. The drag results

were predicted by theoretical methods presented in References 1 and 3.
Comparative drag values were obtained for one body configuration in
the wind tunnel tests reported in Ref. 2. '

*Flight Dynamics Section, Goodyear Aerospace, Akron, Ohio 44315
**Technical Staff Goodyear Aerospace, Akron, Ohio 44315 U.S.A.
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BOUNDARY LAYER CONTROL

This discussion of boundary layer control will be limited to bodies
of revolution with {low at high Reynolds numbers.  Therefore, turbu-
lent flows are assumed. With fluid Llow about a body the triction
occurring on the forward portion consumes much of the initial enerqgy
of the fluid adjacent to the body. The fluid so affected is termed
the boundary layer. When this relatively low energy fluid reaches
the stern, the fluid is confronted with an unavoidable region of in-
creasing surface pressures due to the increasing static pressure of
the fluid external to the boundary layer being impressed upon it.

1f the rate of pressure increase is relatively large, the boundary
layer fluid will not contain sufficient energy to flow against such
a high "back pressure," so to speak. This then results in consider-
able thickening of the boundary layer with possible flow separation.

Although it is possible to design a body of revolution having a fa-
vorable pressure gradient over essentially the entire length of the
body, generally such a body must have a relatively blunt after end.
This design produces a correspondingly adverse pressure gradient that
tends to cause boundary-layer separation and consequent drag losses.

This problem can be approached passively by lengthening the body {in-
creasing the fineness ratio) thereby reducing the adverse pressure
gradient and delaying boundary layer thickening so that the area
affected by the reduced pressure is small and hence tend to reduce
the pressure drag. For bodies of constant volume, however, an in-
crease in fineness ratio is accompanied by an increase in friction
drag due to the consequent increase in surface area. Altering the
pressure drag by varying the fineness ratio gives rise to a change in
friction drag of opposite and approximately equal magnitude for the
common airship fineness ratios. When the pressure drag is efficient-
ly reduced, accompanied by a lower fineness ratio, the total drag can
be significantly reduced as illustrated in Figure 1.

9 CONVENTIONAL BODIES (MODEL R.N.)
o POSSIBLE REDUCTION IF FLOW CAN BE

_~  EFFICIENTLY CONTROLLED
=~ FINENESS RATIO OF CURRENT ATRSHIPS
FRICTION DRAG (ALL TURBULENT)

PRESISURE DRAG
1 1

1.0 5 10.0
FINENESS RATIO

Cp (BASED ON ¥ 2/3)

Figure 1
Pressure Drag Versus Fineness Ratio
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However, through proper body-contour design, the adverse gradient can
be located at one longitudinal body station or for a short longitudi-
nal body station or for a short longitudinal distance to produce a
favorable pressure gradient extending to the 100-percent body station.
By applying the air-flow suction at this longitudinal body station (or
area of velocity and pressure discontinuity), energy will be supplied
to stabilize the boundary layer and prevent air-flow separation. A
drag economy can be realized if the reduction in the external drag of
the body is greater than the equivalent suction drag.

Configuration Selection:

The first decision to be made in the selection of a boundary-layer _
control airship configuration was the suction system. The distribut-::
ed type suction systems made up of many perforations or slots were '
discarded as not feasible for the non-rigid airship application. Thus
the single slot system was chosen and it remained to choose an airfoil
shape. The available selection could be categorized in two groups -
the conventional airfoil and the Griffith type airfoil. The Griffith
shape has several advantages for BLC applications. Although designed
for laminar flow, it possesses the favorable pressure gradients neces-
sary to any type of boundary layer control. The localized adverse
pressure gradient is compatible with the single slot control system.
Also, the slot location is well aft for the lower fineness ratios.

The Griffith type airfoil was therefore chosen. The specific contour
used in the study was a 34 percent thick Lighthill shape. This was
selected on the basis of the potential flow characteristics as deter-
mined by a series of electrostatic tank tests. The selected airfoil
shape and velocity distribution are shown in Figure 2. As can be seen
the adverse flow region is quite local between X/% = 1.6 and 1.7.

This shape was used in the theoretical drag estimates, the wind tunnel
test and the full-scale performance studies.

Drag Estimates and Wind-Tunnel Tests:

A method of calculation was evolved to predict skin friction, equival-
ent suction drag, and propulsive efficiency of this type of airship
hull. Local skin~friction coefficient values were determined for the
forward stagnation region, the laminar boundary-layer region under a
favorable pressure gradient before the suction slot, and the turbulent
boundary~layer region under a favorable pressure gradient behind the
suction slot.

Equivalent suction drag was based on the mean total-head loss in the
boundary-layer suction flow at the slot entry. This did not include
duct losses since such losses can be evaluated only after the prelim-
inary design of a specific ducting system. Hence, the suction drag
was evaluated for an idealized system where duct losses were small
compared with boundary-layer losses.

The wind-tunnel tests were carried out in the 7' x 10' transonic tun-
nel. The Reynolds number was varied from 4.4 x 16% to 107. Due to
the model size restriction and the relatively high test Reynolds num-
bers, a powered model with force measurements was not possible and
therefore drag quantities were determined from the momentum deficit

in the wake. Artificial stimulation at 10 percent of the model length
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Figure 2
Favorable Velocity Distribution and Corresponding
Regions over a Boundary-Layer—~Controlled Airship

was utilized to obtain turbulent flow. The final test consisted of
one BLC configuration at zero angle of attack with the sole objective
being whether or not the theory predicted the reduction in drag real-
istically. A model of 2ZP2G-1 airship hull was also tested under the
same environment to ensure a true comparison of drag change between
the conventional and BLC airships. The actual comparison of the ex-
perimental and test data is shown in Figure 3. The drag coefficients
of the body are plotted versus the suction quantity coefficient. The
plots shown are for a Reynolds number of 4.2 x 100, The wake drag and
suction drag are plotted separately. They are then added together and
plotted as total drag. The experimental data is presented in the same
manner. It can be seen that good agreement exists between the theo-
retical and experimental work. This agreement is further borne out

by the pressure distribution. The measured pressure coefficients are
plotted with the theoretical values in Figure 4 for a Reynolds number
of 10 x 10°.
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The drag of the BLC airship at all Reynolds Numbers and slot widths,
as determined from the rake, were in excellent agreement with the the-
oretically predicted values. The ideal suction drag also indicated
close agreement although theory appears to be somewhat greater than
the measured values. Other comparisons of BLC test parameters with
theory also showed excellent agreement. These preliminary tests vali-
dated the drag reduction predicted by theory. The tests not only
showed this excellent agreement with theory, but also demonstrated
this agreement over a sufficient range of Reynolds Numbers to give
credence to full-scale theoretical estimates. :

Comparison of Full Scale Performance

In order to compare the performance of a BLC airship with that of a
conventional (ZP2N) airship, a preliminary design was required in
order to consider the impact of all the features associated with each
type that had a bearing on drag besides the hull drag alone. The
scope of this program does not permit comparing airship sizes and the
associated power requirements based on missions but does compare mis-
sion capability based on an airship size of one million (10%) cubic
feet. Figure 5 compares the total power requirements for the two con-
figurations. A 10 percent reduction in component drag for the BLC
configuration can be attributed primarily to the fact that outriggers,
nacelles and empennage cables (fins are cantilevered) are not required.

BLC CONFIGURATION WITH ONE 15 FT PROPELLER

_ __CONVENTIONAL CONFIGURATION WITH TWO 16.5 FT PROPELLERS

e —-~CONVENTIONAL CONFIGURATION WITH ONE 16.5 FT PROPELLER
OPERATING

1600 &  CONVENTIONAL CONFIGURATION WITH TWO 16.5 FT PROPELLERS - 7

AND PLC CONFIGURATION WITH ONE 15 FT PROPELLER TOWING

3000 L3 DRAG LOAD

©  BLC CONFIGURATION WITH PROPELLER DISC AREA EQUAL TO

THAT OF CONVENTIONAL CONFIGURATION TOWING 3000 LB

1400 DRAG LOAD 7
IPG-2 FLIGHT TEST DATA (REF. 34) V}///
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Figure 5
Horsepower Requirements vs Flight Velocity
For BLC & Conventional Airships ¥ = 10
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When considering various operational conditions such as single engine
cruise (normal conventional airship operation) with the corresponding
differences in SFC and propeller efficiencies, the BLC airship would
offer an endurance improvement of between 20 and 40 percent at most
operating velocities. With a propeller comparable in size to those
used on conventional airships, the improvement in endurance for ASW
towing would be 10 percent when the tow drag is 3000 pounds or 25 per-
cent if the tow load was 100 pounds. : "

A complete evaluation of the advantages of a BLC airship must encom-
pass many factors including a comparison of the general operational
characteristics of each configuration and the weight allowable for
fuel. Although such an evaluation was beyond the scope of this study,
it is of interest to briefly discuss some of the major BLC operational
characteristics as they differ from the conventional airship's char-

acteristics.

(1) Static instability of an airship is due almost entirely to the
hull and is a function of fineness ratio; C decreases with decreas-
ing fineness ratio and consequently will reg%ire less in the way of a
stabilizing system. As shown in Figure 6 the tail length is substan-
tially the same and due to structural considerations the aspect ratio
can be considerably greater.

(2) Low speed control is a prime consideration for airships and with
the BLC airship it can, to a considerable degree, be obtained

by vectoring the outlet air from the duct. This would have its great-
est effect during a towing operation such as sonar array towing.

—SLOT AIR INTAKE FOR
BOUNDARY LAYER CONTROL

STRUCTURAL CONE
AND FIN BASE

Figure 6
Comparison of BLC Airship with Conventional
For Equal Volume '
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(3) Propeller and engine noise interferes not only with crew comfort
but also with the effectiveness of the mission equipment; sonar oper-
ations as an example. The BLC configuration is inherently conducive
to guiet operation; the propeller is shrouded and the distance between
the propulsion unit and the crew is considerably greater than is the
case with the conventional design. The aft location of the BLC power
plant also represents a noise reduction to the crew.

(4) oOther advantages of the BLC configuration are 1in the areas of
elimination of variable pitch protection from physical damage.

CONCLUSIONS

The findings of thié limited investigation into the boundary-layer-
control airship show sufficient increase in the airship performance
to warrent further study. The following conclusions are offered:

(1) The NSRDC wind tunnel tests confirm the ability of the theoret~
ical methods described in this report to predict the boundary layer
control of a body of revolution at zero angle of attack.

(2) The theory confirmed by the NSRDC wind tunnel tests together with
allowance for inlet and duct losses predicts that the bare hull power
requirements for a full scale BLC airship hull of fineness ratio 3.0
at zero angle of attack can be expected to be 10 to 20 percent less
than the power requirements of a conventional airship hull of equal
volume.

(3) The differences in the components other than the hull associated
with the two configurations, offers an additional 5 to 10 percent re-
duction in power requirements for the BLC non-rigid airship
configuration.

(4) A BLC configuration of fineness ratio 3.0 can be expected to re-
duce the total propulsive power requirements of a conventional non-
rigid airship of equal volume 15 to 25 percent.

(5) If both configurations have equal fuel quantities available, BLC
can be expected to increase the endurance 20 to 40 percent.

(6) Indications exist that the fineness ratio of 3.0 selected for

this investigation may not be optimum for a BLC airship.

The predicted,theoretical increase in performance, together with the
operational advantages, indicated a significant advance in airship
design and led to the initiation of the BLC program. This program,
although limited in scope, has confirmed the validity of the predict~
ed performance improvement. To take full advantage of the results
thus far and fully exploit the potential of the BLC configuration,
this contractor recommends the following program to continued effort
be initiated:

(1Y To refine the merits and limitations of applying boundary-layer
control to airships, the following investigations should be initiated:
a) Theoretical power requirement studies for bodies with fineness
ratios less than 3.0 which necessitate further electrostatic tank
testing.

b) Wind tunnel testing to determine the effect of angles of attack.
c) Preliminary design studies to define an operational configuration
would, in conjunction with items (a) and (b) above, permit the selec-
tion of an optimum and practicable configuration. :
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(2) To obtain data for the design and fabrication of a BLC airship,
a wind tunnel test of a self-powered model at reasonable, large
Reynolds numbers should be conducted upon completion of Item 1 above.
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AIRSHIP STRESSES DUE TO
VERTICAL VELOCITY GRADIENTS
AND ATMOSPHERIC TURBULENCE

Duncan Sheldon*

ABSTRACT: Munk's potential flow method is used to calcu-
late the resultant moment experienced by an ellipsoidal
airship. This method is first used to calculate the moment
arising from basic maneuvers considered by early designers,
and then expended to calculate the moment arising from ver-
tical velocity gradients and atmospheric turbulence. This
resultant moment must be neutralized by the transverse
force of the fins. The results show that vertical veloc-
ity gradients at a height of 6000 feet in thunderstorms
produce a resultant moment approximately three to four
times greater than the moment produced in still air by
realistic values of pitch angle or steady turning. Real-
istic values of atmospheric turbulence produce a moment
which is significantly less than the moment produced by
maneuvers in still air.

INTRODUCTION
At one time airship design was a highly organized and systematic
activity, and hundreds of papers have been written on the subject.
The period of greatest activity was from 1910 to 1938. However, in
spite of careful efforts several notable disasters occurred. Some
were at least partly the result of political considerations; examples
are the American ship Shenandoah and the British ship R-101l. . The
most spectacular of all, the Hindenburg disaster, was of course due
to the use of hydrogen as lifting gas. With the exception of the
inadvisable use of hydrogen and the deterioration of the hull of the
R-101, most well-known dirigible disasters were connected either

with atmospheric turbulence or vertical wind currents in storms or
above mountains-.

* President, Transportation Technology Inc. Marblehead, Massachusetts
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The British ship R-38 buckled in the middle and broke in two because
of a strong wind gust (1922). At the time the airship was already
experiencing significant stresses arising from a sharp turning
maneuver. The Shenandoah perished in a 70 mph squall (1924). As the
result of a navigational error the AKron was drawn into the ceonter of
a storm. While maneuvering upward to offsct a downdratt, its loweld
rudder hit the ocean and the airship fell into the sea (1933). The
Macon lost its top rudder during a sguall and was also lost at

sea (1935). -

As a result of the R-38 crash the Royal Beronautical Society estab-
1ished the R-38 Memorial Prize. In response to this competition

three exceptionally detailed airship design papers were published2“4.
This was in 1923, and taken together they constitute probably the most
detailed airship design analyses available in English. Most later
work was a refinement of methods discussed in these articles. One can
even view the design of the Graf Zeppelin and her sister ships (1928-
1938) within the context of the methods presented by these British and
American authors. Of course the principal ingredient missing from
these relatively early papers is the practical experience and
full-scale data obtained by the German designers. However, there were
no basic changes in the relevant technology in the years from 1923 to
1938.

An important part of the early design work was the highly ingenious
descrigtion of the aerodynamic forces on airship hulls devised by
Munk®~®. His theory is based on an ideal (non-viscous) fluid and

Kelvin impulses. = Under most conditions Munk's theory 1s in surpris-
ingly close agreement with full-scale experiments<®.

As pointed out in several recent articles7_9, the technology relevant
to airship design has undergone an extraordinary expansion along with
all other aerospace activity. Modern computers and modern knowledge
of structural dynamics permit analyzing the airship's structure as a
whole. It is essential to apply our current knowledge of atmospheric
turbulence and vertical wind currents to these structural calcula-
tions. Safety is the overwhelming design consideration applicable to
future airships, and relating atmospheric hazards to structural
integrity holds the greatest promise of assuring safe operation. It
might be argued that damaging atmospheric effects can usually be
avoided, particularly during non-scheduled flights. The record of the
German pilots serves to establish this to some degree. But the impor-
tance of scheduled operations also requires that atmospheric hazards

be given careful consideration.

The purpose of this paper is to show how our present knowledge of
the atmosphere can be combined with Munk's equations to calculate
the resultant moment on an airship arising from vertical currents
and atmospheric turbulence. Approximate results are given for the
resultant moment experienced by a 1,000 foot long ellipsoidal air-
ship with a fineness (1ength—to—diameter) ratio of 5. This is tbe
shape suggested for a “basic" airship considered in a recent design
study by Mowforthlo. These results are compared with the momgnts
arising from pitch angles and steady turning rates in still air
which were taken into consideration by the early designers.
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AERODYNAMIC CONSIDERATIONS

Munk's Equations

The motion of airship hulls gives rise to an air flow that is well
approximated by potential flow. There may be a large resultant moment
of the aerodynamic forces, but only a comparatively small lift and
drag. With wings the conditions are different as there is consider-
able lift. Since the momentum of the flow is not necessarily in the
direction of motion of the hull, a principal axis problem presents
itself. Strictly speaking, we should distinguish between the momentum
of the flow and the Kelvin impulse of the flow, but Munk himself dis-
regarded this difference and we have no need to make the distinction
here. The net resultant moment is expressed in terms of the

volumes of the apparent additional masses of the hull. The apparent
additional mass of a solid moving through a fluid along one of its
principal axes is simply a proportionality constant expressing the
resistance to accelerations along the axis offered by the fluid
itself. Note that it is not a measure of the inertia of the solid,
because the solid need not have any mass at all. In this case all of
the energy is stored in the flow, and the apparent additional masses
along each principal axis are equal to the apparent masses. The
effect of the fluid surrounding the solid is, however, fully described
by assigning to the solid an apparent additional mass in addition to
its original or actual mass. The apparent mass of a circular cyllnder
in a uniform two-dimensional stream is r for a sphere in a
three-dimensional uniform stream its va ue 1s nr ) Here r and
are radius and density. Apparent volume is obt ned from apparent
additional mass by dividing by the density.

Munk shows that an airship hull, flying steadily under an angle of
attack 4 and with the velocity of flight V experlences a resultant
couple of the magnitude

=—g (K3-Kp) sin 2« | (1)

where K, and K, denote the apparent volumes with respect to the
longltuélnal and transverse principal axes of the hull. This moment
is unstable, consequently fins are required for stabilization. Munk
also calculates the transverse force on an airship (with circular
cross section) turning under an angle of yaw:

dF = dx[(k -kl)ds V2 —2-51n2¢
P 2 2 p
+ k'v2 -cos ¢ + k'V = x <-i-‘g’cos ¢l (2)
R - . R
where
dF = Transverse force acting over a differential

length along the longitudinal axis
dx = Differential length along the longitudinal axis

ky = (Hull volume)/K;
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ky = (Hull volume) /Ky

k' = Ratio of the apparent hull moment of inertia
about the aerodynamic center to the moment of

inertia of the displaced air

x = Position on the longitudinal axis relative to
aerodynamic center

§ = Area of circular cross section at X

b = Yaw angle

R = Turning radius

v = Airship velocity

"

P Density of air

This expression of course does not contain the air forces on the fins.
Munk's theory also yields a closed form expression for the pressure
distribution over any ellipsoid inclined at an arbitrary angle to the
flow. The first term on the right-hand side of Equation 2 can be used
to calculate the longitudinal distribution of forces resulting from a
vertical gust. 1In this case the yaw angle in Equation 2 is identified
with the angle of attack

¢ = tan -1 % (3)

where u is the transverse velocity and V is the forward velocity.
Munk assumes the airship has a variable effective angle of attack
along its axis. The magnitude of the superposed angle is tan-1(u/v),
where u generally is variable. The momentum produced at each portion
of the airship is the same as the air force at that portion if the
entire airship had that particular angle of attack. Consequently,
Equation 2 can be used to determine the moment experienced by an air-
ship as it moves through a vertical velocity gradient. In this case
we assume the pilot is able to hold the airship on a straight course
in inertial space without yaw or pitch. Equation 2 will also be used
to calculate the moment resulting from a turning maneuver. Equation 1
provides a direct method of calculating the bending moment when the
only disturbing force is due to pitch.

Moment Response Function

Munk's theory can be extended to calculate the transverse forces caused
by atmospheric turbulence. It is assumed the pilot is able to hold the
airship on a straight course in inertial space without yaw or pitch.

We begin by attributing to a circular cross-section of area S the
virtual mass Sfdx just as if the cross-section were part of a circular
cylinder immersed in two-dimensional flow. The transverse force acting
on Es%s'cross section as a result of the velocity perturbation u =

uge is

\

£ = psax(iv) ugeit (4)
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Now

\'

W= 27f = 2“7\ ka (5)
where W is the.angular frequency of the perturbation, f is the cyclical
frequency, V is the forward velocity of the airship, A is the wave-
length in the forward direction, and k. is the propagation constant for
a particular wavelength. It is convenient to take the geometric center
of the ellipsoid as the origin of our coordinate system. Then the
moment experienced by the airship, per unit velocity perturbation, is
given approximately by

+L/2

i (wt+kx)

M

- = Vpk S(x)e x dx

4, e P (6)
-L/2

where L is the length of the airship.

Uniform S is not a candidate hull shape, but this case leads to the
simplest form of the moment response function. If S is uniform,
the result is

Mi_ sin(wC)
- =V SL(__._._____. - w 7
|uo\ P e cos (w8)) | (7)

where S= L/A . This is the long wavelength approximation, and
approaches zero as S approaches zero. For short wavelengths,
€ >>1, the bending moment at the longitudinal positions of maximum

transverse velocity is the important consideration. In this case
|2 =Y (J- (8)
For an ellipsoidal airship with a fineness ratio of 5 we set

_ qr 2 2
st = I {(L/z) - x } (9)

and use Equation 6 to obtain

A A a
ar in k 3 cos k 3 sin k

Mi="__ 13pv/ sin + - } (10)
\ uo\ 50 “ F K k? k>

A
where k = Lk_/2, again this is the long wavelength approximation, and

the right-hand side of Equation 10 tends to zero as § tends to zero.
The short wavelength approximation, Equation 8, still applies
provided

ds A
dx S {1 (11)
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METEOROLOGICAL CONSIDERATIONS

VQIﬁiﬂQl,Wiﬂﬂ Gradients in Thunderstorms

PR

Using Munk's ecquations we can calculate the force at each section of
the Lull of a representative airship for vertical wind currents known
to exist in the atmosphere. Typical values for a thunderstorm are
considered. Taken together Figures 1-3 enable us to obtain a good
approximation of the vertical currents and horizontal scale of thunder-
storms. Figure 1 shows information which was obtained to describe the
atmospheric effects an airplane experiences as it flies through a
thunderstorm. Figure 2 suggests that the vertical velocity profile
given in Figure 1 is applicable above about twenty thousand feet.
with the help of Figure 3, we can construct a gimilar thunderstorm
profile for an altitude of approximately 6,000 feet, which is a
typical operational altitude. These diagrams give no information
about the severity of the turbulence; they can only be used to study
the airship stresses arising from yvertical currents. However, we can
observe that the region of "yiolent turbulence" extends much further
than the region of severe vertical currents. Figure 1 represents the
vertical velocity profile in the plane of travel of the thunderstorm;
the updraft usually has a fairly uniform cross section of about 10
miles traverse to its line of travel. Figure 3 shows that pelow about
ten thousand feet the vertical flow is not quite as constricted as at
higher altitudes. Let us therefore make the approximation that at
6,000 feet the horizontal scale of the currents is twice as large as
gshown in Figure 1. Accordingly, the magnitude of the vertical current
distribution is cut in half (due to the transverse extent of the storm
the flow is treated as two—dimensional). This means that the more
severe vertical velocity gradients in the horizontal direction are of
the order of 0.2 ft./sec./ft.

Atmospheric Turbulence

It is possible to describe the energy distribution of atmospheric
turbulence as a function of wavelength by the same relatively simple
formula for the following three forms of turbulence "=:

(i) clear air turbulence near the ground,
(ii) turbulence near and in cumulus clouds,
(iii) t+hunderstorms.

The distribution of energy density Sy (k) at different wavelengths
(1/k) of the vertical component of the turbulence may be given by

1+ (8/3) (Lqk)?

We
[1 + (le)2 1

(12)

= 2
Sw(k) = ZLSGQ

Root mean square vertical velocity

where 0w =
Lg = gcale of turbulence
Ly = 1.339 (2aLg)

for each patch of turbulence. Twice the total energy per unit mass of
air equals the mean square of the turbulence velocity so that
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00 +00
02 = | sy(k)dk = \ kS, (k) d(loggk) (13)
o - 00

Thus, twice the total energy per unit mass of air is given by the area
under the curve of kS, (k) against log, k and the area under the curve
kSy(k)/ o2 is unity. Usually Equation 12 is adjusted to fit experi-
mental data by selecting Lg so that the calculated and experimental
distributions kS§{k) have a maximum at the same value of k. A compari-
son of theoretical and experimental distributions is shown .in

Figure 413, We shall follow the common practice of referring to

Sy (k) as a power spectral density even though in reality it is a mean-

square-value-density spectrum.
NUMERICAL RESULTS

Wind Velocity Gradients

The resultant moment experienced by the airship is evaluated from

+L/2

M = 5; (%g)xdx (14)
-L/2

by ﬁsing Equations 2 and 3 and setting u = (du/dx) (L/2 - x). The
results are shown in Table I for (du/dx) = 0.01, 0.1, 0.2, and O.3.

Atmospheric Turbulence

If H(k) is the response function describing the resultant couple when
the airship is subjected to a transverse velocity wave of unit
amplitude, then the mean square value of this moment is given by

+00 2
M%r s, = S\H(k)\ Sy (k) dk (15)
(o)

A A
if Sy (k) is a stationary function. Using dk = dk/ (L) and dk =
kd(logeﬁ) Equation 15 becomes

+oo
MS.m.s. =i%f" 'H(ﬁﬂz Sw(ﬁ)ﬁd(logeﬁ) (16)
- 0o
After setting
IH(k)lz =| = ‘2 (17)

(-]

Equation 16 was used to evaluate My .m.s. in response to the atmospheric

power spectral density function given by Equation 12. Two cases were

REPRODUCIBILITY OF TH:
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considere611: (1) Captive palloon data taken at a height of 1,000
feet with Ty = 3.54 fps, and (2) Data obtained from an airplane flight
at 40,000 feet in a thunderstorm. The results are shown in Table I.

Summaxy

The resultant moments obtained by the various methods discussed in
this paper are compared in Table I. Dashes are used where an entry
is not applicable. These moments are an important measure of the
airship's stress pecause they must be neutralized by the transverse
force of the fins. The first five cases, which include rectilinear
motion at a constant pitch angle and steady turning without pitch,
are conditions in still air which were considered by the early
designers. The angli of yaw corresponding to the turning radius R
was obtained by Munk

& S S S (18)
2R kz - ki1

Equation 1 was used in Case 1, and Equation 2 was used in Case 2.
Agreement of these two cases serves as a check on the numerical
methods and also confirms, with remarkable accuracy. the approxima-
tions Munk used in deriving Equation 2.

Cases Six through Eleven correspond to situations where our current
knowledge of the atmosphere was used. When a uniform vertical veloc-
ity gradient was considered, the vertical velocity was assumed to be
zero at the tail and increase in the direction of flight. The resul-
tant moment for Case Nine is less than case Eight because the sine of
the angle 2 contained in Equation 2 decreases as ¢ increases beyond
45°. The data for the thunderstorm'“-were obtained at 40,000 feet and
are not fully satisfactory for our purpose. However, the density was
adjusted to this height, and the result corresponding to a direct
application of the power spectral density equations is included. These
results show that the values of atmospheric turbulence found in the
literature produce a moment which is signlficantly less than the
moment produced by realistic maneuvers in still air. However, the
vertical velocity gradients at an altitude of 6,000 feet in a thunder-
storm produce a moment which is three to four times larger than the

moment produced by maneuvers in still air.
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N76-15030
AN AERODYNAMIC LOAD
CRITERION FOR AIRSHIPS

Donald E. Woodward*

ABSTRACT: This paper derives a simple aerodynamic bending moment en-
velope for conventionally shaped airships. This criterion is intended
to be used, much T1ike the Naval Architect's "standard wave," for pre-
liminary estimates of longitudinal strength requirements. It should
be useful in trade-off studies between speed, fineness ratio, block
coefficient, structure weight, and other such general parameters of
airship design.

INTRODUCTION

The longitudinal, or beam, strength of an airship is obviously of fundamental impor-
tance to its design. It would be of great convenience to the designer, therefore,
to have an envelope of the maximum bending moment distribution over the airship's
length. This paper derives such an envelope from theories and experiments in the
}iterature, and attempts to show that it is neither uneconomically severe nor rashly
enient.

In the early days of airships, speeds and dynamic pressures were low, and static
Toads were the major ones to be resisted by the hull beam. By the end of World War
I, however, performance had improved so that aerodynamic loads were as important as,
or even preponderant over, static loads. This was made dramatically evident by the
succession of large airships which were lost as the result of aerodynamic over-

* Consultant
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loading of their longitudinal strength. R-38 in 1921 focused attention on circling
flight and sudden extreme control maneivers. Shenandoah in 1925 emphasized the
hazards of strong vertical gusts. Finally, although Macon had been designed with
gust effects in mind, her loss by fin failure in 1935 led to a critical review of
airship design and contruction by the Durand Committee. This review concluded that
there was insufficient understanding of the effects of gust loads, both as regards
overall structural loads and Tocal fin loads.

At the recommendation of the Durand Committee, the Navy contracted with the Daniel
Guggenheim Airship Institute (DGAI) to conduct a broadly based study of this problem.
The results of this study up to 1940 are summarized in Reference 1; they comprise
wind tunnel, whirling arm, and water tunnel experiments on airship models, and a
meterological investigation of atmospheric gustiness.

The essential elements of a correct theoretical approach had already been established
in 1935 (References 2 and 3). But the actual work of setting up the equations, ob-
taining a solution, and finding quantitative results was not completed and published
until 1958, when Calligeros and McDavitt reported work they had performed at M.I.T.
under contract to the Bureau of Aeronautics.

The larger part of this paper will consist of a description of the Calligeros-Mc-
Davitt theory and its numerical results, and of the DGAI experiments, with a com-
parison and reconciliation of the two. From the joint theoretical and experimental
results, an overall gust moment envelope is constructed. Examples of the other
types of aerodynamic loads -- circling flight, abrupt control reversal, and lifting
dynamically a static overload -- are presented from the literature. They are shown
all to fall within the gust moment envelope, which to some extent justifies the
scant attention paid them here. This result also establishes the gust moment en-
velope as the aerodynamic Toad criterion advertised in the title.

Bending moments are generalized in the usual way, as a dimensionless coefficient de-
fined by:

Bending Moment = Cy q (Vo1)2/3 L ' (1)
where {Vol) is air volume, L length, and g dynamic pressure.

A discussion in terms of a discrete gust seems somewhat outmoded in comparison with
the methods of spectral analysis common in airplane and missile aerodynamics, but

is made necessary by the nature of the DGAI experiments. The powerspectral analysis
would seem particularly appropriate fcr large airships, the lengths of which ap-
proach the commonly accepted value of the scale of turbulence in the free atmos-
phere. Happily, Reference 4 embraces both methodologies, and the agreement which is
found between the discrete-gust formulation and the DGAI experiments lends confi-
dence to the turbulent-spectrum approach.

THEORY

The theory develops the equations of notion of the airship in the usual manner. The
physical situation is as pictured in Figure 1. The airship, at some angle of pitch
0 and velocity Vo is encountering a gust characterized by a spatial distribution of
transverse velocities W which can be specified quite generally. In the worked nu-
merical example, the gust form is taken as a full cycle 1 - cosine with peak velo-
city Wy any specified fraction of V and wavelength any given fraction of the ship
length. The aerodynamic forces and moments acting on the airship are resolved into
longitudinal, lateral, and rotation components, and the amount by which each set is
unbalanced is equated to the accelera-ion multiplied by the apparent mass (or ap-
parent moment of inertia). '
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The typical small-displacement linearizations of aerodynamics are then assumed, i.e.,
that transverse and rotary components are independent and their coefficients are
directly proportional to angle of attack, angular velocity, etc. Both local aerody-
namic forces and integrated aerodynamic stability derivatives are based on a modifi-
cation of slender-body theory applied to the apparent cross-section distribution
(i.e., including added-mass effects) taking as the base area the apparent cross-sec-
tion of hull-plus-fins at the trailing edge. The equations can then be put into a
dimensionless form suited to numerical solution, for any given airship form and gust
assumption.

As part of the determination of the equations of motion, the local aerodynamic loads
are found; these, together with the inertial reactions of the distributed airship
mass, are treated as loads on a free beam, integrated to obtain shears, and again to
find the bending moment curve of the beam. This theory yields, for selected stations
along the airship beam, a history of the bending moment at that station as a func-
tion of the position of the airship with respect to penetration of the gust. The
envelope of the maxima of the moments at these various stations would then be the
design bending moment criterion we seek, if the theory were complete and exact.
Other information obtainable from the theory includes the envelope of shear maxima,
the lateral and angular positions of the airship and the derivatives of these quan-
tities, and the local angle of attack and transverse acceleration at the fin center
of pressure.

Reference 4 also derives transfer functions for the airship responses and loads
which, applied to an assumed or empirical random gust spectrum, yield RMS values of
the displacements, velocities, accelerations, shears, moments, etc.

The theoretical calculations just outlined were carried out for an airship approxi-
mating to the ZPG-2W class of million-cubic-foot nonrigids. It was found that Cj is
directly proportional to Wy/V,, the ratio of peak gust velocity to forward velocity.
The history of moment at any station is dependent on the ratio of the gust develop-
ment length to the length of the airship, and peaks for a ratio of 1/2, although this
maximum does not vary greatly between 1/4 and 3/4. Reference 4 only calculates the
case of zero rudder angle.

Cm
for the

The full-line curve in Figure 2 is the envelope of peak values of
example airship. Wo/Vo

DGAI EXPERIMENTAL PROGRAM

The DGAI tests measured the motions and resultant stresses which occur when an air-
ship moves freely under the influence of gusts. These tests were made with self-
propelled models in a water tank, a transverse current of controlied velocity pro-
file simulating the gust. The gust profile approximated a one-minus-cosine transi-
tion over a scale length of 400 feet, followed by a steady region at the full trans-
verse velocity W,. Model dimensions, and moments of inertia about all three axes,
were scaled directly from the Akron.

The experiments reported in Reference 1 were made with "Mark II" control surfaces,
scaled directly from those actually used on the Akron. Later experiments 9,6 ysed
other sizes and shapes of surfaces. Except in one case the maximum gust moments
measured with these other surfaces all fell within the envelope established by the
Mark II surfaces. The exceptional fins were of very high aspect ratio (for airship
fins) and placed very far aft; their high moment values were only slightly above

the Mark II envelope over the rear quarter of the model, and will be ignored for our
simple design rule-of-thumb. ’
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In addition to the measurements of 6:1 fineness ratio, a few results are available on
a model of equal displacement and similar profile, scaled to a 4:1 fineness ratio.

COMPARISON AND RECONCILIATION

The results of the water tunnel experiments are plotted in Figure 2. The zero-
rudder bending moments for the 4:1 model are shown as crosses, and those for the 6:1
model with Mark II fins as circles. The small dots are moments on the 6:1 model
when the rudder was not at zero, or was changing, during the test. ‘Also plotted in
this figure is the moment envelope of Calligeros and McDavitt's example airship,
also with rudder fixed at zero.

Several observations can be made. First, there is good agreement between the mea-
sured coefficients for the 4:1 model and the theoretical curve for the nonrigid.
Second, although the envelope of moments over the forebodies is virtually the same
for all three airships, the coefficients over the afterbodies are markedly higher
for the two rigid airships' models in comparison with the theory. Furthermore, this
difference is more marked for the 6:1 model than the 4:1 model. Third, use of rud-
ders during the gust encounter is seen to increase negligibly the envelope over the
forward two-thirds of the ship, and in fact may greatly reduce the moments over this
part of the ship. Only just forward of the fins does the use of the rudders in-
crease the moment significantly, by up to 40 per cent. On the other hand, reduc-
tions of as much as 50 per cent may also result even at this far-aft station.

The agreement between theory and experiment increases confidence in both, but it is
still necessary to explain the discrepancies. Three factors suggest themselves:
inadequacies of theory, differences between nonrigid and rigid airships, and dif-
ferences in the assumed gust shapes.

The approximations mentioned in discussing the theory are, of course, inadequacies.
The small displacement linearization of the equations is significantly in error,
because the displacements are not small and the aerodynamic coefficients are not
constant; the rotary derivat;ves, for example, have been shown to have a strong de-
pendence of angle of attack.’ The use of modified slender-body theory, although a
good approximation for obtaining the airship motions, is quite incapable of express-
ing the generation of distributed 1ift over the afterbody and the downwash of the
hull upon the empennage, i.e., the local dynamic Toading 1in the area where theory
differs most from experiment.

The only notable difference between the theoretical nonrigid and the rigid models is
in mass distribution, which in the nonrigid is highly peaked in the vicinity of the

center of buoyancy. This might make the nonrigid more quick to respond in pitch and
thus accelerate away from the gust more rapidly, before the fins were in the trans-

verse flow. However, the difference in terms of the ratio of radius of gyration to

length is only about ten per cent between nonrigid and the 6:1 model, so this effect
is probably not a major one.

A third explanation of the envelope differences is found in the gust forms. The
theoretical calculation assumes a full-cycle 1-cosine profile, while the profile
actually achieved in the water tank approximated a half-cycle; both were about
equally proportioned to ship Tength. Thus, when the theoretical airship had pene-
trated a full ship length from the entry to the gust, jts lateral velocity had al-
most peaked and was rapidly damped out thereafter, while the rigid models at the
same stage had not yet achieved their final Jateral velocity, but were still ac-
celerating in a cross-flow. This would cause the same aerodynamic loading on the
rigid models as in nonequilibrium pitched flight, resulting in a bending moment 1in
the same sense as the transient moment cause by the gust.
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These physical arguments give qualitative assurance, at least, that the sign of the
difference between theory and experiment is correct. On these bases, a safe envel-
ope for gust bending moment coefficients, in terms of Cy/Wo/Vgy, will be bounded by
straight lines starting at 0 at the nose of the a1rsh1p, increasing to 0.065 at 0.3
length, then to 0.10 at 0.5 length, constant to 0.65 length, and then decreasing
linearly to 0 at the stern.

EXAMPLES

In order to compare the gust bending moment with other hull bending moments, it is
necessary to adopt some definite value for the maximum gust velocity. The DGAI sum-
mary report, considering all available published data on gustiness as well as fresh
information obtained by DGAI, concluded: "It is suggested that 35 ft/sec cross wind
should be considered as a maximum value which might occur in weather conditions whose
severity is not necessarily recognized even by a skilled pilot." More recent data

do not seem to require much change.

The remaining two figures plot some examples of the bending moment envelope derived
here against various measured or calculated airship aerodynamic moments. Figure 3
groups a number of such results for the U.S5.S. Shenandoah, for which fairly exten-
sive data are available in the literature. The Shenandoah s top speed was 91 ft/sec,
which with 35 ft/sec maximum gust ve]oc1ty gives Wo/V, equal to 0.385, so the peak
of the moment coefficient envelope is 0.0385. At an altitude where atmospher1c den-
sity is 0.0021 slugs/cubic ft, the corresponding bending moment is 3,950,000 1b-ft.

Curve L is a dynamic 1ift case, taken from Burgess' Airship Design. 8 It results in
about 50 per cent greater moments than were actually ever contemplated in the Shen-
andoah des1gn 9 Curve A represents a modification of L, following a suggestion by
Arnsteinl0 that the maximum bending envelope could be der1ved from that for maximum
dynamic Tift by multiplying by a load factor increasing elliptically from 1 at mid-
length to 3 at the ends. Curve C represents circling flight at full speed at a
radius of 3,000 feet, based on curved model tests./ Curve R is for sudden rudder
reversal, based on a control surface normal-force coefficient of 0.4, which is
probab]y as much as can be obtained by deliberate maneuvers. The curve labeled N

is a rule-of-thumb due to Naatzll that the maximum value of Cn is approximately
0.01; presumably this will fall off to zero at the ends according to some curve such
as shown. Curve G results from a Goodyear reportl2 which states that gust loads "for
conventional airships" have long been ca]cu]ated by using an effective angle of
attack of twice the arc tangent of Wy/Vy, on the basis of two exceptional measure-
ments of such high angles in the DGA water tank tests. Curve X is that calculated
by Burgess? as possibly corresponding to the conditions which broke the Shenandoah's
hull at Frame 125. Point LW represents a maximum-power turning moment on a theory
due to Lewitt.!3 Point B is an actual measurement by Burgess while the Shenandoah
was flying over the Alleghenies in rough weather.9

Figure 4 collects together data on four airships, together with their bending mo-
ment criteria as derived here. Points labeled LA-T, LA-R (which are indistinguish-
able) and LA-G are, respectively, moments measured on the Los Angeles in steady
turning, sudden rudder reversal, and flight through gusty weather. (14) Point RS-
is a measured moment at the midpoint of the keel of the U.S. Army semirigid RS-1,
when encountering a gust which caused pitching through +25°. A curve is presented
for moments due to_rudder reversal calculated by Schwengler for a 7,000,000 cubic
foot paper design.1® Finally, the design bending moment curve for the Akron] is
shown, the only one which anywhere exceeds the proposed moment criterion.

The weight which ought to be given to these examples differs widely in the various
cases. However, the fact that virtually all lie completely within the gust moment
criterion derived here, and that the most severe of the examples approach rather
closely that criterion, does give some credibility to the contention that the simple
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envelope given is a useful rule-of-thumb for determining the preliminary longitudi-
nal strength requirements of new airship designs.
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THE PLANAR DYNAMICS OF AIRSHIPS

Frank J. Regan¥*

ABSTRACT: This paper will consider the forces and moments
acting upon a LTA vehicle in order to develop parameters
describing planar motion. Similar expressions for HTA
vehicles will be given to emphasize the greater complexity
of aerodynamic effects when buoyancy effects cannot be
neglected. A brief summary is also given of the use of
virtual mass coefficients to calculate loads on airships.

SYMBOLS
CD Drag coefficient
Cn Pitching moment coefficient, My/QS2
3 Cm/9 (qe/2V)
nd 2,,.2
Cmc'; ' 3 Cm/3 (§e°/2v7)
Cua, 3 Cm/da
& 3 Cm/3 (&e/2V)
C% Normal force coefficient, Fz/QS
C, 3 Cz/3 (gr/2V)
a 2,2
C%é 3 Cz/8 (gr=/2v7)
Co 3 Cz/3a
Cua 3 Cz/d (ar/2v)
D Drag force
g Gravitational acceleration

* Sgpervisory Aerospace Engineer, U. S. Naval Ordnance Laboratory
Silver Spring, Maryland
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g g (1 - 1/8)

Iy Transverse moment of inertia

Ky Transverse radius of gyration, ’Iy/mz2
L Body length

L Reference length, body length
My Pitching moment
m Body mass

Q Dynamic pressure, l/2pVo2

] Reference area, V2/3

Airship density to medium density, Pb/p

Vo - Airship speed
\Y/ Airship volume

Xe,Ye, Ze Inertial axes

X,Y,2 Body axes

z Normal force

o angle of attack

8 Angle of pitch

¢ Velocity potential

P Density

INTRODUCTION

In studies of the dynamics of Heavier Than Air (HTA) vehicles, effects
due to buoyancy are almost invariably neglected. Sustaining force is
the result of relative motion existing between the HTA vehicle (or at
least some portion of the vehicle) and the surrounding air mass. In
short, the lift or sustaining force associated with HTA craft is
entirely dynamic.

A somewhat reverse situation exists in the case of Lighter Than Air
(LTA) craft. The principal sustaining force comes from buoyancy, with
perhaps a small additional force (about 10 percent) available under
some conditions from dynamic 1lift. To put the comparison between LTA
and HTA craft on at least a semiquantitative basis, it is convenient
to define a relative density parameter, s, as

S=//§t‘“ (1)

It may be seen that S is of 0 (1) fér a LTA vehicle, while for a HTA
s is no less than O (10*2) and for most cases O (10%4).

In addition to buoyancy playing an essential role in LTA dynamics,
there are in addition dynamic effects which for convenience might be
lumped in the terms virtual mass. Such dynamic effects are taken to
mean forces and moments arising from (and hopefully linear with)
angular rate or linear acceleration. These virtual mass effects are
essentially reactive forces and moments caused by imparting an angular
velocity and a linear and angular acceleration to the surrounding air.
Like buoyancy these virtual effects are usually neglected for HTA
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craft; for LTA vehicles, however, such effects form an essential part
of the loads acting on the craft. Thus such effects enter prominently
into any considerations of stability.

No originality is claimed in the following development of either the
mathematical model of planar dynamics or the subsequent load calcula-

tion methods. The equations of planar motion originated with ballisticians
such as Murphy (1). "However, because of the negligible effect of

buoyancy, great simplifications are possible in the aeroballistic
formulation. As will be shown, the airship equations are far more

complex. The load calculation technigues follow from Bryson(z)origi—
nally and have been presented by Nielson (3), Again these methods are
applied to LTA vehicles rather than the HTA missiles which were the
original motivation for Bryson's work.

DYNAMICS OF PLANAR MOTION

Consider an airship undergoing planar motion as illustrated in Figure
(1) below

tv SIN(8-a)
Xe

FIG. 1 FORCES AND MOMENTS ACTING ON AIRSHIP

The axes Xe,Ye,Ze are the inertial axes, while X,Y,Z are body-fixed
axes. The equations of planar motion are the forces along axes Xe,Ze
and the moment about axis Ye. Note that because of the definition of
planarity axis Ye is identical to axis Y.

The moment and two force equations may be written as

mVCos(e-o()= FxCGosoe 2D (2a)
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o ‘
mie= FiCoso- FxSmormg(1-3) 2p)
I é = M7 (2c)
where s is the relative density parameter of equation (1). In addition

to the three load equations above, figure (1) also provides the follow-

ing kinematic relationship:

Z.=-V Sin(6-) (3a)
which gives upon differentiation

Z ==V Sin(e-o) -V Costo-0)[6-&] ()
Under the assumptlon that the X axis does not greatly vary from the

horizontal, Xe, it is possible to restrict 6 and o to small angles.
Subject to such small angle restrictions equations (2) and (3) become:

mV =-D=F (4a)
m Z¢ = Fz =Ty 9 xmg (1~ ¥s) (4b)
.76= 'L,L(" » (4c)
Ze = =V(6- oQ (4d)
Ze=-V(6-=)-V (8- (4e)

A first step might be the substitution of equation (4e) into eqguation
(4b) to give:

S V(8- x)+V (6-5)= F- Fx@+ma(-5)

Equation (4a) may now be used to eliminate V in the above expression
resulting in:

D(6-o)-mV (8- &) = Fx +De+mqg(1- is) (6)

The above expression may be altered by introducing the following non-
dimensional force coefficients

Co= D(3zp vjs)" Cy= Fz(%fV?SS‘ (7)
The coefficient C, may be expanded in a Taylor series as
Ca= G+ Cat + Gy (57) Gy (B)+ Gy (B
Equation (6) may now be written in terms of Cy and1§
(5ot )Co (o-)-(88) + (£0)- [C;°+C*,,g< eNEINH
o Cag (BE)+ Gy @)+ G0 ]+ 9(- $H-

It is now p0551b1e to 51mp11fy equation (9) somewhat by the following
redefinitions:

C.: CI- ) C* COLSL) j 3(1 (10)

(8)
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Equation (10) now allows equation (9) to be rewritten and then rearranged
as

74 s .
(Fiep+ () 1= GIN-Gl- (G G- GE g v o
Equation (4c), the moment equation, may be written as:

g = @%!jcm"‘ (%)L(é%’)(%jcm (12)

where M has been replaced by Cr (ps£V2/2). Again replacing C, by a
Taylor series in o, &, g, and § and using the starred quantities
gives for equation (12):

s 22

¥ -;k_(su-* X I Ve Yok

(%)[l kn CMZ-]- @‘f)ky,(mz ﬁ;/kg Cm&—dkg C”‘o(: \4*3 Cmo (13)
Equations (11) and (13) are now the basic equations of planar motion.
The final goal remains to eliminate one of the variables between these
simultaneous equations. For the present purposes the variable g will
be eliminated and a single differential equation of motion in o will
be written. As might be expected, this single equation is quite com-
plicated. Before presenting this dynamic equation in a tractable form,
an outline of the procedure will be given. A fairly straightforward
approach is to eliminate § between equations (11) and (13). The
resulting equation containing q, «, and & is then differentiated to
give an expression in'§, «, &, and 4. Returning to equations (11) and
(13), eliminating this time g between them now provides a second
expression §, a, &, and 4. Elimination of g between these equations
gives the single dynamic equation in «, &, and &. 1In carrying out

the above manipulation it is necessary to perform the differentiation
of (#/V). This operation may be written as,

d r4 d - .
Ji‘(‘?) =ALV '-_‘%31{:-;2;(_ %,f;nﬁl’)___ c¥

The single equation in o that will represent dynamic planar motion
will be written as:

& +H, ()a-M, (Pu=n, (D6, as)
where
e | DK GET+ O+ CIGTCY + (-GGG kGGG, | oo
‘ kg cg‘t Gop - (-G Y- k'gcz:i]
o g e e AT e A P
L K-\élc.?i C“t - (1 - C;*d - ki"f,’,fg ] ” J

o | GGG - T-gGE Ik K G Gl - 0+ GGG,
| K G, - G- O L= Ky ]

(16b)
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* - *
%[KQ‘CJ’,- Cor- Ky Cmg
G‘ - \(“"C‘* C* -[\-k- *:l[l- q] (16d)
¢ “malmg Tl TgTmE
Before attempting to simplify equations (16) it is necessary to reduce

equation (15) to an equation with constant coefficients as the presence
of (V/%) introduces time into the coefficients. This may be accomplished

by writing A A A J
. % o d of 13X V7V
ol s === X = -2 = o( vy (17a)
dt ~ dxdt - ) 2de
where differentiation has been changed from time, t, to a non-dimen-
sional arc length, (X/%). In a similar fashion & may be written in
terms of (X/%) as -

oL = (]Y"):’(“- (’})tco*d‘ (17b)

By replacing time derivatives by arc-length derivatives, equation (15)
now becomes a second order constant coefficient eguation:

O(u *r CH\- Cb-*)b("' M‘b( = A\ + G\(-%O)L (18)

Admitedly, equations (16) are quite complex; for certain applications
such as aeroballistics, great simplifications may be made.

However, before considering this aspect of the problem, the conditions
for stability of motion will be examined.

STABILITY CONSIDERATIONS

Equation (18) may be rewritten as

\
o v 2 A+ Wil = wi oD wyetd (19)
where
A= H, - ck (20a)
(20b)
w: = - M,
oM A (20¢)
6o = = ‘FT‘

G - (204)

u°3 - -.ﬁ‘-\'(%o3

The term, A, is the damping factor of the airship,the term, w,, is the
undamped natural frequency. Only for small values of 2 does the

body oscillate at this frequency:; in the presence of a significant

amount of damping the planar oscillatory frequency, wg, is less than =
the undamped frequency, Wj. The damped planar frequency, wg, can be
expressed in- terms of A and w, as

wy =/ (ﬂ’:'—;[a' = ((/"/(l - ;\/wk) (21) .

The term ae in equation (20c) is the trim angle of attack due to aero-
dynamic asymmetries, while a3 in equation (20d) is the trim angle of
attack due to gravitational path curvature. With regard to the term
a9, it might be of interest to note that if the airship is neutrally
buoyant, i.e. s = 1, then from equation (10) § = o and hence from
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equation (20d4), a7 must be zero.

There are two conditions for oscillatory motion. These are:

A Cwy,

(22a)
and. 2
w, >0 (22b)
The former condition allows us to write for the equality A= Ac = .,

Wy = w,ﬁ—- (MAD] (23a)

where (A/Ac) is often called the damping ratio.

The condition for oscillatory motion given in equation (22b) is that
0 is real which, in turn, from equation (20b) requires that

M, <O (23b)

Under the condition where equations (22b) and (23b) are satisfied,
stability (subsident motion) requires that

ZA= [H\'Ct‘]> o (24a)
q,: =e-M >0 (24b)

Thus to assess dynamic and static stability (equations (24a,b) respec-
tively) it is necessary to assign numerical values to the derivatives
contained in equations (l6a) and (16b). Numerical values for these
terms are contained in Table I. While these values may vary with
airship dimensions, they have been computed for the airship shown in
Figure (2) below. An outline of the computational technique is given
subsequently.

;aA"z [F4."<:3P]

[ eI CL ] (GG TC -GG G T O
Ky Gy G~ (- GO -G

- CD*-

Inserting values from Table I gives,
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[1+2a8][044 +.049)+ (14 0)(-2.31)+( +2.30)231) +(22.36)-114)
(-2.31)(=1a)- (+ + 2.207)(1 +2-98)
~.0437

-.234 -.0437= 278

Quite obviously the inequality of equation (24a) is not met so the air-
ship is not dynamically stable.

In considering the oscillatory frequency relationship for static
stability (equation (24b)) we may write:

‘- 1(- Ki‘c:z)(c;‘% G )iy ;gc,,.j&cg* +(C¥+ Cﬁ)K@‘C&—CHQ’;)Ks G
\ -z = =

| Kg ngci_*z - (\-C;.Z)L\- Kt} m’%] | o

It can readily be shown that since the term in the braces is multiplied

by C* it is rather small. This allows the above expression to be numer-
ical?y evaluated as

M,= K73

Obviously the second condition of equation (24b) is not met.

It might be expected that numerical values of the stability derivatives
would vary from airship to airship. However, it would appear that no
general simplifications may be made in the Hj and Mj; coefficients

except to omit terms multiplied by CX. The results seem to indicate
that for a satisfactory description 8f planar dynamics it is necessary
to calculate the eight stability derivatives of Table I. Drag, as we
have noted, is relatively unimportant for estimating the planar dynamics.

In passing it might be of interest to examine the equivalent expres-
sions for Hy, M1, A7, and Gy which are satisfactory for an HTA vehicle.
If quantities such as Cg. Cgé, C¥,, and C%s are ignored along with
the product of starred quantities oge,has

Hy= - LK vk (GR +C.’.‘.*8)] (252)
-2 ¥

M, = k&f"‘d (25b)

q - (::b (25¢)

\
-2,

6, - -[WK;Gl]
Quite clearly the criteria of equations (24) are met when C*q + CXe
and C}, are negative for the HTA vehicle. An examination of equations
(16a) and (16b) quickly show that dynamic stability cannot depend upon
such simple criteria in the case of an LTA vehicle: stability consid-
erations are far more complex for the LTA vehicle.
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For a typical airship we have seen that the motion consists of one
exponentially undamped mode and one exponentially damped mode since
from equation (19)

TR
l\,;= "'1 t\\ X-""wn - —lt\l;i +M‘ (26)
and using A = -.139 and M3 = 1.73 we obtain
Ay o= .479 Ap = - 1.18

As is well known, the fixed-wing HTA vehicle usually evidences two
damped oscillatory modes.

'CALCULATION OF AERODYNAMIC LOADS

A fairly straightforward method of calculating static and dynamic loads
on an airship is the method of virtual mass. While this technique has
its origin in the work of nineteenth-century hydrodynamicists, it has
been applied with some success by Bryson<2 to HTA vehicles. Since
space limitations do not permit even an outline ?f the derivation,
reference should be Ta?e to either Bryson's work 2)or the more readable
treatment of Nielson!3/,

Through the use of this virtual mass technique it may be shown that the
derivatives used in the previous expressions for Hj and M) are given as,

C;a‘-_- ZBC;" ~ZA, (27a)
G = —-48, (27b)

Cag = 4R, (%2, (270)
C“g’ = 4C, (274)
Cmi =-2C, C?*—Z (%)b Ry +28, (27e)
. = A‘C“ (27£)
= -4 é)bn“-ﬁC. (279)

Cmi =-4D, | (27h)
where :
A, = 'ITQ—O-&.)Z/S (28a)

for body-alone and that

—_— e =
w = 1S [L— % + -gs_'(%)’—] (28b)

for the body in the presence of fins. a(x) is the body radius as a
function of body station and s(x) is fin span (center-line to tip) as
a function of body station, In addition Bjj, C11 and D33 are defined

as @wﬂn
= nn 5 J :
‘ By S(xlg)b ( 1) (-2)

(29a)

185




_ (%),
G do DR
| )
Dy - Sk x4 4]

when "n" and "b" refer to nose and base respectively.

The above integrals have been evaluated numerically for the airship
shown in Figure (2) from tabular values of a{x) and s(x). The calcula-
tions of equations (27) were carried out to give the results shown in
Table I. :

LENGTH (FT) | DIAMETER (FT) | VOLUME (FT3) | MOM. OF INERTIA (SLUG-FT2)
517 120 4.4X10' 1.42X 108

FIG. 2 REPRESENTATIVE AIRSHIP

TABLE I
C}d_ (:Eg C;Z' C%K’ Ci* CL&L C;z. Coe gt

03165 |-1.458 | V0 ? |-o7s6| 7805 |-0756 |+.g756 |=09Tas

Also calculated in the program is the airship volume V = 4.4158 x 10+6.
Assuming neutral buoyancy it can be shown that {pSL/2m), equals 1.57,
whic¢h together with values in Table I allows the starred derivatives
(equation (10)) to be calculated.

CONCLUSION

This paper has taken a brief look at the hydrodynamic complexities of
planar dynamics of airships. It has been shown that the equations of
motion for a LTA vehicle are far more complex than the corresponding
equations of a HTA vehicle. A method has been presented for calcula-
ting all loads (except drag) acting on a moving airship.
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A PROPULSION ENERGY COMPARISON

Fendall Marbury*

ABSTRACT: Floating craft are compared to those that fly. Drag/
weight for floaters is shown to be proportional to VZ/L, while for
flyers it is independent of size and speed. The transportation
market will therefore assign airships to lower speeds than airplanes,
and will favor large airship sizes. Drag of an airship is shown to
be only 11 percent of submarine drag at equal displacement and
speed, raising the possibility that airships can compete with some
types of ships.

INTRODUCTION

Excitement over airships is again on the rise, and many expect their second coming,
including this author. As a result of this ferment, the air is already full of proposals,
some alleged to float, others in part to fly, all claiming to be advantageous.

Nor are floating and flying confined to airship proposals. When airships reenter the
transportation business, they will be in direct competition with ships that float in
water, airplanes that fly in air, and a growing variety of craft that fly on water.

This therefore seems to be the right time, and this Workshop a suitable occasion,
at which to take stock of floating and flying in air and in water, The groundwork
has already been done, and all that remains is to organize the data so that useful
comparisons can be made. Hopefully the results will be helpful both in sorting
out airship proposals and in steering airships towards their proper place in the
future transportation picture.

* Naval Architect, Ketron, Inc., Arlington, virginia, U.S.A.
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DRAG PER UNIT DISPLACEMENT AS A CRITERION OF COMPARISON

The general standard of comparison in this paper will be the ratio of drag to displace-
ment, both being measured in the same units, or its equivalent for flying machines,
drag per unit weight. This is in effect a craft's friction coefficient, the best single
index of its energy consumption, and one of only a few important determinants of its
economic performance.

Consider for instance a craft traveling a distance E from one place to another, having
drag D and displacement or weight W, Then,

Q=DE (1)
Q beihg the energy consumed by the trip, and
TwWE ' (2)

T being the amount of transportation produced or producible by the trip. It follows
that the ratio R of energy consumed to transportation produced is

_Q,D
R=7W (3)
Other things equal, a craft burns fuel in direct proportion to its drag-to-weight ratio.

Besides having to be bought, the fuel must also be carried, detracting from the ability
to carry a payload in all but nuclear-propelled craft. It follows that, as the drag-to-

weight ratio goes up, the upper limit on endurance comes down,

The market for transportation has imposed a selection process on the various types of
craft and their particular designs., The market will accept higher drag-to-displace-
ment only if it gets something in return, What it usually gets is more speed, which
has value on the market. As a result, if the craft which coexist at any time are
ranked in order of ascending drag/weight, most of them will also be in order of as-
cending speed. The exceptions, many of them watercraft, will be found to have
something else to offer, often a combination of lower first cost and access to more
numerous or cheaper terminals.

Compared to other craft, airships have never come at a low price per pound, nor are
they known for easy handling at terminals. If airships can have any fundamental
advantage over competing craft, it is probably a lower drag per ton. It will be
shown that this advantage can indeed be substantial, but that proper choices of
both size and speed are required to realize it.

FLOATING

Floating Itself

Craft that operate in air or water must be sustained from sinking to the ground, and
floating is the most popular method of doing this. In this application, it has two
notable characteristics:

Floating in the usual steady state consumes no energy. This no doubt accounts for
its widespread use and is part of the reason that boats were already well developed
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at the dawn of recorded history.

The second feature of floating is that it ties craft volume to craft weight, The buoyant
force results from the higher static pressure on the bottom of the craft than on the top,
and by Archimedes' principle it is equal to the weight of fluid displaced. The buoyant
force on a floating craft must equal its weight. In the usual notation, this requirement
is: '

W= pg¥ (4)

where W is craft weight, P the mass density of displaced fluid, g the acceleration of
gravity, and ¥ the immersed volume. With airships as with submarines, ¥ is constant.
If anything is brought aboard, something else of equal weight must be taken off.

During the first airship era, this nearly inflexible requirement cost substantial amounts
of time, money and lift gas1 . The classic Zeppelin cannot actually remain much
Lighter Than Air; it has always to be about the same weight.

Drag/Weight for Floating Craft

The weight-volume relationship (4) has an effect on the drag/weight ratio of floating
craft, which will now be developed. :

Drag - With hulls as with most other objects, the drag due to motion through a fluid
is most conveniently expressed as:-

2 (s)

D=Cf Sv
where v is the velocity of the motion, S is some characteristic area of the object,
and C is a dimensionless coefficient. When the object's shape is such as to deflect
the flow or to induce strong turbulence, most of the drag is in the form of pressure
differences across the object, and C is constant. As go/Z)V2 is the stagnation
pressure of the flow, it is the custom to take S as the object's cross-sectional area
normal to the flow and to think of C as the average fraction of stagnation pressure
which acts on the object. Drag of this type is called "pressure drag".

Hulls, however, are designed specifically to minimize pressure drag. They do not
as a rule deflect the flow, nor are many turbulence-inducing objects allowed to stick
out of them. The passing flow remains attached to a good hull far aft, with the re-
sult that the pressure buildup around the bow is balanced by similar pressures on the
stern., Net pressure drag can be and often is quite low, in the sense that C is much
less than unity.

What hulls cannot be designed to avoid is frictional drag. Be they never so smooth,

it is still substantial and is the largest single drag component of ships at low speeds,
and of airships and submarines at all speeds. As friction acts tangientally on the
hull's envelope, it is customary to use the wetted surface, or area of the envelope,

as S when equation (5) is used on a hull. For Cg, the frictional resistance coefficient,
one uses the value for a flat plate having the hull's length and speed.

C. is not quite constant; it diminishes slowly as the Reynolds number vL/¢/ rises.

If frictional resistance were fitted to an equation like (5) with C constant, the expo-
nent of v would be in the range 1.8 to 1.9, slightly less than 2., To simplify the
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following discussion, it will be assumed for a while that equation (5) holds for
turbulent friction with a constant drag coefficient.

3 2
Drag/Weight - For goemetrically similar hulls, ¥ is proportional to L” and Sto L.
Calling the constants of proportionality C.. and C_, and using (5) and (4),

v S
c(i/2)pcC 1?2 C.,C 2
D ="t 33 = tS v_ (6)
w PICGL 2¢C, gl

Drag/Weight for a hull is seen to be directly proporational to vz/L. The non-
dimensional quantity vz/gL happens to be the square of the Froude number, a
common speed parameter for surface ships. Two geometrically similar surface
hulls will have the same value of wavemaking R/W when run at the same Froude
number, Its appearance here, where no wavemaking is involved, is coincidental.

Equation (6) is important, because it points out clearly the direction in which to seek
transport efficiency for ships, including airships. Ships should be large and not too
fast, A small, fast ship or airship is apt to be a technical tour de force and an
economic disaster.

Air vs. Water Performance

At present, nearly all floating craft operate in water. Here in this Workshop we are
studying the proposition that more of them should operate in air. It will therefore
be in order to make a couple of air/water drag comparisons.

Same Object at Same Speed - Assuming pressure drag for this simple case, every
quantity on the right-hand side of (5) is the same for air as for water, except the
mass density. Typical values of mass density are 0.00238 lb-secz/ft4 for sea-
level air and 1.99 lb—secz/ft4 for sea water at 59°F. Using these values, with
subscripts a and w for air and water, respectively,

D
]—33 . fa 0.00120 (7)

W w

As anyone who has gone wading can testify, air drag is negligible compared to water
drag, on the same object. This result explains the typical appearance of ships,
clean on the bottom and cluttered on top. In fact, ships have little to fear from wind,
while it ranks as a major threat to airships.

Same Displacement at Same Speed - While (7) may be interesting, it is hardly a fair
basis on which to compare air and water craft. In this section an airship will be
compared to a geometrically similar submarine, Both will have the same displace-
ment,as well as the same speed, making the ratio of their drags an estimate of their
relative fuel consumptions to produce the same amount of transportation. Drag will
be assumed frictional, though in fact it has a pressure component,

Using (4) with W_ = Ww and with the density ratio in (7) the hull size ratios are
first obtained:

190




v

v—a _Lw | 836 (8)
w Pa '

L

2= 836173 = 9,42 (9)
w

S .

53 - 836273 = gg.7 (10)
v

showing that the airship is enormously larger than a submarine of equal displacement.
The ratio of their Reynolds numbers will now be computed using for dynamic viscos-
ities, ¥/_ =1.56 x 1074 £t /sec for air at sea level, and ¥/ =1.28x 10-5 ft2/sec
for sea water at 59°F. w

R L v
na a w
—_— = ——=0,77 (11)
Rnw Lw Va
To use (11), let R = 109, which is entirely possible. That makes Rna =7.7x 108.
From the table of g‘c':vl'loenherr flat-plate friction coefficien'cs2
C -3
fa=1.58x10 3=1.03 (12)

Ctw 1.53x10°

With little difference between air and water frictional drag coefficients, and no
difference between the two pressure drag coefficients, the drag ratio that is about
to be obtained will be a robust approximation, insensitive to the proportions of
frictional and pressure drag, and therefore valid for a wide variety of hull forms,
appendages, etc,

Using (12), (10), and (7) in (5), the desired drag ratio is obtained:

D
a

5 - 0.11 (13)

g

The airship has only 1/9th the drag of a submarine of equal displacement at the same
speed! It follows that the airship could go from port to port about three times as
fast as the submarine without burning any more fuel.

The writer, a card-carrying naval architect, was at first unsettled by result (13),
which makes it appear that airships might put ships totally out of business. Further
reflection made this appear less likely.

For one thing, many ships can carry two or three times their light weights, while the
navigable classes of Lighter Than Air craft do well to carry loads equal to their light
weights. For an airship to be competitive with tankers in energy consumption, it

would have to be more than 7000 feet long by 1000 feet in diameter, while operating
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at less than 50 knots. Winds being what they are, such a low-powered behemoth
would be unsafe.

Airships look much better for some of the marine express trades. Container ships,
Roll-on, Roll-off (RoRo) ships, seagoing ferries and passenger ships operate at much
higher values of D/W than tankers, often five or six times as high. All of them are
lighter than the big tankers, and in many cases their payloads are less than half of
full-load displacement. Moreover, as is not the case with tankers, many of these
ships’ customers wish they were faster and would be willing to pay a premium for

more speed.

All this adds up to the possibility of a large commercial market for airships. They
are more difficult and costly to build than water ships, but in the matter of fuel costs,
equation (13) leaves airship designers plenty of room for maneuver.

FLYING

Flying as an Escape from Hull Drag

Where cheap transportation or long distance endurance is called for, a floating hull
at low speed is unbeatable. As equation (6) makes clear, however, the same hull
will encounter rapidly increasing, arbitrarily high drag as speed is increased. To
make a craft go faster without becoming much bigger or heavier, one must do some-
thing drastic to decrease the drag of the hull.

In airplanes (and in land vehicles, for that matter) the strategy is to shrivel the
hull, making it much denser than the air it passes through, so that its "wetted"
surface is far smaller than that of an airship of the same weight. This approach
fails underwater, because only solid lumps of metal have the required density, and
they do not make useful hulls. The system used by high-speed marine craft is to
lift the hull out of water, or almost out of water, so as to achieve the type of drag
reduction illustrated by (7). '

Whatever is done, the result is a hull which cannot float while operating at design
speed and must be supported by other means, The simplest and most popular such
means, for aircraft at least, is a wing fixed to the hull which generates the needed
lift. This method, called "flying", will be used for illustration here.

Induced Drag, the Price of Flying

Wing performance data can be condensed by the use of expressions analogous to (5)-

L
C, =———— (14)
L 1/2 pPS v2
C. = D (15)
D 1/2 'oS v2

where the symbols the same as before, except that L is the lift force, at right angles
to the flow, and S is the wing's planform area, slightly less than half its "wetted"
surface. For a flying craft, L = W, the craft's weight.
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Both lift and C_ are directly proportional to the wing's angle of attack. The drag has
frictional and pressure components, as with a hull, but its characteristic component
is the induced drag, the drag due to lift. For a wing of elliptical planform (the most
efficient planform), the drag coefficient is™: -

C.=c¢c,+— (16)

where ¢, is the coefficient of the hull~like drags and A is the aspect ratio,k defined
as b" /S, where b is the wingspan. Using (14), (15) and (16), it is possible to write
as expression for D/W while flying:

2
o oy + L

D_D _°D _ A (17)

w L CL CL

Bearing in mind that C_ is determined by the wing section, angle of attack and A, all
geometric properties o{" the wing or the flow past it, (17) has a remarkable property.
Speed, size and weight all are absent. To this first-order approximation, flying may
be done at any speed (and size) with equal efficiency. At craft design stage, more
speed merely produces a smaller wing, leaving the product Sv unchanged.

Proof that flying D/W is indeed approximately constant can be found in what has
happened to commercial aircraft since World War II. As soon as suitable engines
became available, their speeds tripled. The cost of this advance was low in drag
and fuel consumption. In fact, the new jet airlines showed better overall economy
than their slower predecessors.

FLOATING COMPARED TO FLYING

The behaviors of D/W in floating and flying craft contrast strongly, the former
varying as v /L, the latter scarcely changing over a wide speed range. From
this it is clear that low speed and large size favor airships over airplanes.

This section presents the results of some rough airship performance calculations
compared to typical flying performance. One result is estimates of the speeds
and weights at which both have the same drag, and would therefore burn about
the same amounts of fuel.

For the airship hull, DTMB Model number 4165 was used. This is the best member
of Series 58, a related group of bodies of revolution that were tested underwater

at what is now the Naval Ship Research and Development Center, Carderock, Md.
Its ratio of length to diameter is 7.0 gnd its prismatic coefficient 0.60. It looks
suitable as an airship hull, and tests "indicated its residuary resistance coefficient
(pressure drag coefficient) to be 0.00037, based on wetted surface and using the
Schoenherr friction line.

Experience with past airships5 indicates that a generous allowance should be made
for the drag of control surfaces and other protrusions, which often had drag com-
parable to that of the bare hull. In the calculations presented here, residuary
resistance coefficient is taken as 0.0004, and the allowance for non-hull drags
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as 0.0016, for a total non-frictional drag coefficient of 0.0020, based on wetted sur-
face. For comparison, the friction drag coefficients ranged from 0.0019 to 0.0013,
and were taken from tke Schoenherr line“. This makes the sum of the non-frictional
drags greater than the frictional drag at all speeds. It is intended to represent an
airship performance level that can be achieved easily.

Calculations were made at displacements of from 200 to 2000 tons in sea-level air

and at speeds to 200 knots. The dimensions of the different-sized airship hulls are
given in Table 1, while D/W is plotted vs. speed in knots on Figure 1.

Table 1.

Dimensions of Geosim Airships

Displacement, Length, Diameter,
Long Tons Feet Feet
200 847 121
500 1149 164
1000 1449 207
1500 1658 237
2000 1825 261

For comparison to the airship results, figure 1 also shows two levels of flying per-
formance, lines of constant D/W at 0.05 and 0.10. The former represents very
good flying performance, well above average for flying generally but closer to a par
performance for an airplane that might compete with airships. Many sailplanes can
do better, reaching D/W's in the neighborhood of 0.03, but a great majority of
powered aircraft operate above the 0.05 line.

The other line, at D/W = 0.1, is closer to typical performance for airplanes generally,
but most planing hulls and many hydrofoils have higher D/W than this. Taken to-
gether, these two lines bracket most of the flying competition for airships.

The speeds below which airships consume less energy than nearly all airplanes can
be read directly from figure 1, ranging from about 90 knots at airship displacement
200 tons to 135 knots at 2000 tons. Airship speeds at D/W = 0.1 range from 125
knots at 200 tons to just over 180 knots at 2000 tons. Higher speeds than these are
unlikely to make sense, unless justified by special conditions.

At the intermediate speeds, for instance 90 to 125 knots at 200 tons or 135 to 180
knots at 2000 tons, airships will have flying competition. The flying competition
will probably operate at higher speeds, because, once enough drag is incurred to
make flying possible, increase of speed is relatively cheap. An airship, on the
other hand, always has the choice of operating more slowly, thereby achieving
greater economy and longer range. Many water ships are doing this right now, the
practice having become widespread about a year ago, when ship fuel first became
scarce, then tripled in price. This feature of floating craft has both commercial
and military survival value, and no flying machine can do likewise.

To conclude, figure 1 suggests the speculation that, within a generation or so, air
transportation will have come to resemble the existing marine system. The heavy
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hauling will be done by large, floating ships, while most passengers and some
freight of high intrinsic or time value will still fly.

Figure 2 is provided for direct comparison of airships to craft for which readers may
have data, being a plot of effective horsepower vs. speed in knots for the five dis-
placements tried. Those displacements were, as it happens, chosen with our co-host
the Navy in mind. Several hydrofoil and military planing-hull craft have displace-
ments in the neighborhood of 200 tons, while 2000 tons matches both pre-World War
1I destroyers and the prototype Surface Effect Ships (SES's) now in development.

Those destroyers made about 36 knots on 70,000 shaft horsepower. Their effective
horsepowers must therefore have been around 40,000, possibly higher. Had they
been airships, that much effective horsepower would have been good for about 100
knots.

Winged airships have been proposed, which partly float and partly fly. A major

motive behind these proposals is apparently to replace the balky buoyancy controls

of past airships with something more accurate and faster-acting. This analysis shows,
however, that such a mixed-lift craft will incur a drag penalty.

Suppose, for instance that such a craft has a hull of 500 tons displacement and a wing
that supports another 500 tons, and that it operates at about 105 knots, where ac-
cording to figure 1 both hull and wing have D/W of 0.05. As also shown by figure 1,
the same lift and speed could be achieved by a 1000-ton pure airship at D/W of

about 0.04, burning 20 percent less fuel.

This is not to say that mixed lift is wrong, because the problems it could solve are
substantial. However, the cost in added drag inclines the author to think that
dynamic lift for airships should be used in moderation, much as it is in submarines.
If only enough is provided to give the buoyancy controls time to respond to emer-
gencies, then safety will be enhanced at small cost in fuel,

CONCLUSIONS
To recapitulate, the foregoing investigation suggests the following conclusions:

Airships should be large, but not too fast.

Bigger is better, just as with ships. Large airships can have an operating speed
which is, at the same time, high enough to stem head winds and avoid storms, and
low enough to make them more economical to operate than airplanes. For dis-
placements under 2000 tons, this analysis suggests 80 to 120 knots as about the
right speed range. The upper limit could be increased a few tens of knots by careful
design.

For small airships, the demands of safety and economy conflict. If made fast
enough for all-weather operation, they become non-competitive with airplanes

through higher fuel consumption.

Airships may become competitive with the faster types of ships.

Compared to such ships, airships appear to offer the possibility of more speed
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without more fuel consumption, while carrying the same payloads for the same
distances.

Wings on airships cause added drag.

Small wings may well be worth having as fast-acting backstops for the buoyancy
control systems, but large wings are suspect. Wings improve airship drag-weight
only at speeds so high that pure flying would be better yet. '
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LONG FLUID FILLED BAGS
SUSPENDED BY LINE FORCES

1. L. Mullins*
J. L. Duncan**

ABSTRACT: A previous analysis of fluid filled storage bags is extended
to the case of a long fluid filled cylindrical membrane supported by
uniform line loads. Cross-sectional shape, stiffness of the support
system and stress resultants in the membrane are determined. The
application of the numerical results to problems arising in the design
of non-rigid airships is discussed.

INTRODUCTION
Long fluid filled bags are used for a variety of purposes and examples which have
been studied include sausage-like storage bags for oil ! 'portab1e silos (2),
inflatable structures including life-rafts 3), suspended cylinders(4)and a variety

of non-rigid pressure airships, “blimps", and semi-rigid dirigibles 5 .

The long filled cylinder resting on a horizontal flat base was considered by Demiray
and Levinson. ! They obtained a solution for the stress resultants and the shape
of the bag in repose. In this present work, their analysis is employed and extended

*Graduate Student, Dept. of HMechanical Engineering, lcHaster University, Hamilton,
Ontario, Canada. ‘
**professor, Dept. of Mechanical Engineering, McMaster University.
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to apply to the case in which the long bag is supported by concentrated loads applied
to the membrane along lines parallel to the bag axis. It is shown that the results
can be summarized by functional relationships of non-dimensional parameters and some
numerical results are presented.

The solutions are relevant to the design of non-rigid pressure airships. In these
vehicles the principal fixed weight, the car, is attached to the fabric envelope by
a so-called “"catenary" suspension system inside the envelope as shown in Fig 1.

CATENARY SUSPENSION

Fig 1 General arrangement of a non rigid pressure airship

The envelope is maintained at a constant differential inflation pressure by pumping
air into the ballonets shown. The fabric is reasonably light and woven in such a

way as to resist both direct and shear strains.‘ The inflation pressure is sufficient
to maintain the shape of the envelope under static and aerodynamic loads. The
application of the numerical results of the two dimensional analysis to the case of
airship envelopes is discussed.

THE ANALYSIS

The membrane is assumed to be inextensible in all directions, to have zero flexural
rigidity and to be weightless. We consider a normal section of an infinitely Tong
uniform bag. Under equilibrium conditions, the cross section is represented by the

curve,

x (s) x(o)
y (s) y(o)

Y (1)

where (x,y) is a set of rectangular cartesian coordinates and s is the arc Tength
measured from the lowest point, the origin, in Fig 2.
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The stress resultant in the membrane is T, which Y
is constant between loads, and the angles between
the tangent to the membrane and the horizontal
is 8(s). For the cases to be considered here, the Zéﬁi
hydrostatic pressure or more strictly the differ-
ential pressure across the membrane, is p(s) which
is taken as, '

p(s) = p,+ wy (2)

where p, is the inflation pressure at the lowest
point, y = o, and w is the difference in specific
weight between the fluids inside and outside the s
membrane. In general w may be either positive or __,/"
negative and in the problems considered, it is

X

constant i.e. the fluids are incompressible. Fig 2 Membrane Coordinates

The general solution to the problem for w < 0 is given by Demiray and Levinson(]).
Define R as 1/2w times the perimeter of the membrane cross-section. The following
dimensionless groupings will be used:

XY »S» sl
R R R ! PoR

For convenience in writing the following equations define

k2 = ﬂ =4 M (3)
poz‘ (po/Rw) )

For (4TW/p°2)> 0, Ref (1) obtains

¥ = Pe { v/ [14k3sin2(e/2)] - 1} (4)
X=0oT sin 6
R PoR V[1+kZsin?(8/2))

k

T 1 K
+(2 SRt %wﬂ-)m+ Fia, —-————/(sz)] (5)
s-21 1 , Kk
R ok ) F[a /(“kz)] | ©

where Flao,p] and E[a,p] are the elliptic integrals of the first and second kind

-
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respectively, and o is defined by

/(1+k2) sin(e/2) (7)
M1+k2sin2(e/2)]

a = arc sin

Previous work did not consider the case for w < 0. It may be shown (6) that for

-1< (4Tw/p02) < 09
oo T -4 F -["_,k] +2 [e_,k:] ] (8)
R PoR k2 2 k2 2

S = F [e_,k]

X=21 1 12 [Bl] F[B,l]] (10)
R poR K k k

s-217 lf[,l] ()
R pR K k

where g= arc sin [k sin(e/2)] ' (12)

For (4Tw/po2) < -1,

For both of these cases,

Y = Po (v [1-k2sin2(8/2)] - 1} (13)
R Rw

Boundary Conditions

Demiray and Levinson considered the case of the bag resting on a flat surface. In
this work, we consider the membrane acted upon by loads uniformly distributed on a
line which is perpendicular to the (x,y) plane. In the first case, we consider a
central line load as shown in Fig 3. The perimeter of the membrane has a total
length 2R and the membrane is filled with a buoyant fluid. The load intensity is
Q per unit length. Taking Q/R?w as the dimensionless load per unit axial length of
bag and setting this equal to the buoyancy force per unit length we‘obtain

d =f 2 (14)

EZQ ““A E;
The equilibrium equation at the point of application of the force i.e. at s/R == is

o= arc sin(Q/2T) = arc sin[ (Q/R?w)/2

(T/poR)(po/Rw) (15)

in terms of the above dimensionless groups.
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]
Equations (6), (7) and (15) may be solved simultaneously on a digital computer by
an iterative process. =1 %

- Fig 3 Central Suspension Case Fig 4 Twin Suspension Case

In the second case, we consider two equal line loads symmetrically disposed about
the centreline as shown in Fig 4. The force intensity F arises physically from a
set of inextensible cables which pass through sliding seals at the bottom of the
membrane and anchor to a rigid frame of width 2e. For convenience it is assumed
that if the membrane were circular, the lower anchor point would be in the plane

y = 0; under equilibrium conditions with the membrane deformed, the anchor point has
fallen a distance h. The angle of inclination of the suspension cables in the
undeformed state is designated by y. In Fig 4, variables with the subscript 1 refer
to the lTower portion of the membrane below the point of application of the load;
variables with the subscript 2 refer to the upper section. For the upper section
axis y, is directed downwards as shown and w is now negative. The differential
pressure at y, = 0 is Po - WY.

The boundary conditions arising from continuity of the membrane are

X1 /R =X /Ry Y1 /R+ Y2 /R=Y/R

(16)
$1o /R+sp  /R==
The equilibrium equation at.the point C yields the further condition
. (x1 /R)-(e/R)  -(Ta/poR)cos &) - (Ty/pPoR)cos o)

= 17
(yig /RIH(W/R)  (T2/poR)sin 62, - (T1/poR)sin 6 )

where e/R is the dimensioniess cab frame width and h/R is the dimensionless
suspension deflection.
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Central Support Case

NUMERICAL RESULTS

Membrane shapes and stress resultants were obtained for typical conditions which

might apply to a small non-rigid airship, i.e. diameter =

40 ft, inflation pressure

in the range 5 to 15 1bf/ft? and w = 0.0696 1bf/ft3 which is the 1ift of pure
helium at 0°C (this is a conservative value, 0.0625 1bf/ft3 often being taken for

airship calculations (5) ).

The results are presented with dimensions for convenience.

Fig 5 shows the deflected shapes and Table I the stress resultants and deflections

of the suspension point from the position for a circular membrane.

po(1bf/ft2)
5
10
15
UNDEFLECTED SHAPE
40 ”‘*\/_/p, 15 1b/1t
el =5 {bt/ft
30
N |
920 ’
Z
I /
o 4
3
£19
Y
Q
P

Y
HORIZONTAL DISTANCE , » ft.

Fig 5

Q(1bf/ft)

85.6
86.6
87.0

N
N UNDEFLECTED
\\/_ SHAPE

/ A periscten
) SHAPE

Table I
T(1bf/ft2) h(ft)
112.3 5.233
212.9 2.727
313.3 1.831
40
L®
g
E
0
Fig 6
for an

Cross-sectional Shapes

for various inflation pressures
for the central suspension case

Two Support Case

F

10 20
HORIZONTAL DISTANCE , x  ft.

Cross-sectional Shape
inflation pressure of

10 1bf/ft? for twin suspension

This case, shown in Fig 4, is the more usual situation in airships and is considered

further.

inflation pressure p, = 10 1bf/ft2,
versus the non-dimensional pressure parameter po/Rw.

membrane stresses T/poR versus po/Rw.
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Results were obtained for the particular geometry vy = 15° and e/R = 0.2.

Fig 6 shows the deflected shape for a membrane of nominal diameter 40 ft and an
Fig 7 shows the non-dimensional deflection h/R

Fig 8 shows the non-dimensional
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THE DYNAMIC CASE

We consider the case in which the bag and the air surrounding it are subject to a
vertical acceleration ng upwards. If we assume that the differential pressure at
y = 0 is po as before, it may easily be shown that for the dynamic case, the

dif ferential pressure at any other point is

P' = po * (n+l)wy _ (18)
The buoyancy force per unit length will be

Q' = win+1) f, dA (19)
We consider that the suspension is attached to a mass which under static conditions
gives rise to a vertical force per unit length Q=wadA (from equation 14). Under
dynamic conditions the vertical component of the suspension force will now be Q(1+n)

and clearly this is equal to Q'. Thus the dynamic case may be obtained from the
preceeding results by replacing the relative specific weight w by w' where

w' = (1+n)w (20)
DISCUSSION
The analysis provides membrane shapes and stress resultants for the two-dimensional

problem of the fluid filled bag and these can be applied to both the static and
dynamic cases.

In a non-rigid airship, the inflation pressure p, must be sufficient to maintain the
shape of the structure under both static and dynamic loads. As an example, we
consider an airship designed for a 75 mph maximum speed. Allowing for a frontal
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gust of 15 mph, the maximum stagnation pressure at the nose would be 22 1bf/ft2.
Usually the nose contains a stiffening structure, which permits lower inflation

pressures of, for example, 60% of the stagnation pressure or 13 1bf/ft? in this case.

For a helium filled bag of 40 ft diameter, the non-dimensional pressure parameter
would have the value of 9.3. From Figs 7 and 8, we obtain values for the vertical
deflection of 8.4 inches and for the stress resultants of Ty= 270 Tbf/ft and

T,= 292 1bf/ft. The stress resultant due to pressure only, i.e. poR is 260 1bf/ft
so the effect of the suspension on the envelope stresses is quite small.

In the design of airships, it is customary to consider the effect of a transverse
gust of about 30 ft/sec (7). A vertical gust of this magnitude could give rise to
accelerations in excess of 1g. In the example chosen, the parameter po/Rw would

be halved for an upward acceleration of 1g and the deflection would be 16.6 inches

i.e. approximately doubled.

There are important differences, however, between the problem formulated and the
real case of an airship. These are:-

1. The analysis is for a two dimensional system. Airships will have
a fineness ratio (overall length to maximum diameter) of between
3 and 5, thus curvature in the axial plane will significantly diminish
the stress resultants and probably increase the overall stiffness.

2. It is not possible to arrange the suspension system in such a way

~ that the suspension force F in Fig 4 exactly balances the buoyancy
at that section. Consequently bending moments arise in the axial
plane and the associated shear forces are transmitted through the
membrane. These will give rise to deformations of the section which
differ from those in the two-dimensional case.

3. It is customary to have a
secondary suspension system
in the form of a skirt or
fairing between the cab and
the enve]ope'as shown in the
schematic diagram in Fig 9.
This will be considerably
stiffer than the upper sus-
pension system so that under
dynamic loading the addi-

tional loads will be trans- Fig 9 Schematic ITustration
ferred to the envelope by showing the skirt Tocation

CAR
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the skirt rather than by the cables.

4. Below the ceiling altitude of the airship, not all of the envelope
is filled with helium. Up to 10% of the internal volume can be taken
up by air in ballonets as shown in Fig 1. These serve to maintain
the inflation pressure and allow for expansion of helium at higher
altitudes i.e. on ascending air is bled off from the ballonets and
this prevents loss of helium. These ballonets may have a significant
effect on the deformed shape at a section.

5. The dynamic case assumes that the surrounding fluid has the same
acceleration as the bag. This is not truly representative of the
situation in a vertical gust where there will be an aerodynamic
pressure distribution on the section due to the relative transverse
velocity of the surrounding air. This problem, as well as the effect
of the pressure distribution due to forward velocity are outside
the scope of this work.

Other factors give rise to stress distributions and deformations in airship
envelopes which have not been considered here. These include instantaneous and
creep strains in the fabric, improper rigging and the effects of the empennage.
It is considered, however, that the analysis and numerical results presented will
assist the designer in the preliminary investigation of envelope and suspension
performance in non-rigid airships.
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Ronald D. Resch*

ABSTRACT: This paper will deal with two computer aided design
methods for the design and construction of strong, lightweight
structures which require complex and precise geometric definition.
The first, flexible structures, is a unique system of modcling
folded plate structures and space frames. In the latter it is
possible to continuously vary the geometry of a space frame to
produce large, clear spans with curvature. The second method
deals with developable surfaces where both folding and bending
are explored with the observed constraint of available building
materials and what minimal distortion would result in maximum
design capability. We are developing alternative inexpensive
fabrication techniques to achieve computer defined enclosures
which are extremely lightweight and mathematically highly
precise.

Folded Plate Systems

My discovery of kinematic folded plate systems, which I term folded mosaic
structures, began some twelve years ago with a curiosity about the dynamic behavior
of a crumpled wad of paper. An extended observation led me to develop an opera-
tional procedure for diagramming the bounding edges of what appeared to be the
essential plates involved in the formation of an individual wrinkle. I have
created diagrams of folded plate patterns which I subsequently integrated into
continuous patterns by the use of symmetry operations.

Hundreds of these patterns have been made and investigated. The unique property of
each is that, by allowing only folding of the sheet along the lines of the pattern,
a flat sheet may be transformed into a variety of three dimensdonal shapes,

Figure 1. These include domes, warped surfaces, and complex shells involving both.
It is also possible to create structures which envelope a space by closing back on
themselves. An additional feature of each pattern is that the entire system is
composed of the repetition. of a small number of non-identical plates. For example,
the pattern shown has as few as two unique triangles generating the entire system,
Figure 2.

* Associate Research Professor, Computer Science, Universtity of Utah,
salt Lake city, Utah, U.S.A.
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Although there has been some formal study in the area of kinematics -- namely,
mechanics and the kinematics of machinery -- there has rarely been an exploration
of geometric systems of the type and to the extent of those I have conducted. This
work is unique in its discovery, and in its development of new kinematic systems.
My initial interest was only to examine what sort of total system behavior results
when a specific configuration of geometry is brought together.

Early investigation was directed toward discovery of new patterns and observations
of how each moved. This was done simply by folding up large sheets of paper on
which a pattern had been scribed. The model was then moved by hand to change it
from one shell form into another, Figure 3. The inherent beauty of these forms,
and the facility with which one could directly change them at will, immediately
gripped the imagination. The design potential for creating lightweight archi-
tectural shells, or other three dimensional enclosures, was more than apparent.

Larger and larger models were made, first of paper and then of cardboard, and
scored and folded by hand. As study progressed I began to use computers, and to
develop computer aided design techniques for observing the behavior of three
dimensional structures, by creating simulated images, developing shading techniques,
and investigating structural analysis.

We can now fold these patterns in such a way that almost any surface shape, that a
designer can specify as an enclosure, can be constructed as a precise folded plate
shell form. While this was always possible to demonstrate empirically, a precise
calculation of the three dimensional geometry was not possible until 1971 when I
collaborated with Professor Hank Christiansen, a structural analyst, who wrote a
kinematic analysis program for this purpose. The computer aided design techniques
achieve a series of versatile structural systems which are capable of producing

an infinite variety of enclosure shapes.

Computer Aided Structural Analysis

Initial work in computer simulated structural analysis is complete on these
systems. We are able to show, by computer simulated color photographs, the stress
distribution throughout the structure. We have developed these versatile geometric
systems by producing drawings, diagrams, and three dimensional models using
computer assisted design techniques. Under computer simulation one can contin-
uously change the plate geometry, Figure 6, make a selection of a specific
arrangement of plates, and then continuously fold them for study and selection of
some desitred form of single curvature, Figure 7. The plates may also be folded to
achieve an approximation to a doubly curved, or warped surface, Figure 8. An
arrangment of a series of these folded structures would be suitable for creating
the envelope of a rigid airship. As well as being both liehgweight and strong,
the modular foldings would lend themselves to economic mass production techniques.

Curved, Plate Truss Structures

The folded plate systems can also produce space frame structures. With these it

is possible to continuously vary the geometry of the space frame to produce
structures other than the usual flat, or occasional geodesic, types. Structures
which require large, clear spans, such as airport hangers, are usually accommodated
by the standard flat octet space truss, to which current methods of design and
construction are limited.
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There is an obvious need for clear span trusses which have some curvature. To
achieve flexibility in the design and the construction of such structures, we have
completed a working computer program which allows the specification of any surface
of revolution. It will then construct a truss on top of that surface, the depth of
which may also be specified, and it will output a control tape for the creation of
all the plates of the given structure. Figure 9 is a photograph of actual models,
showing the standard truss at the bottom, with two trusses of increasing curvature
above.

The Developable Surface Program

The aerospace industry has brought a growing need for strong, lightweight structures
which require complex and precise geometric definition. The usual solution has
been by costly numeric controlled milling of solid blocks to achieve these required
structures. Our work is attempting to develop alternative inexpensive fabrication
techniques to achieve computer defined space forms.

It is well understood that to fold a metal plate along a straight line strengthens
it; and that bending it to some radius of curvature will increase its structural
stability. I have observed that one can combine these two structural properties by
introducing a curved, folded edge to a plate. From this basic structural observa-
tion we have created a Developable Surface computer program to allow completely
general design freedom. It was not at all apparent at the outset, however, that
one could generalize a folded edge to any space curve. A thorough mathematical
analysis revealed that such a generalization was possible. With this determined,
we developed the program.

From this research we have developed generic systems and construction techniques
which have the following potential applications, and are beginning to produce
numeric controlled engraving and fabrication of folded metal prototypes for same:
1. Airship envelopes

2. Curved,clear span structures

Solar energy reflectors

>

Liners for liquid natural gas tankers

5. Lightweight gas tanks for airplane wings

6. Concrete formwork for space curve structures

7. Lightweight guideways for rapid transit monorails
8. Lightweight complex bridge interchanges

A controlled, curved surface, or pathway, can be achieved by declaring the space
curve to be a folded edge defining two developable surfaces. This program makes
the ordinarily difficult task of physical construction of a precise, complex space
curve, relatively simple and direct, while using flat sheet materials and requiring
limited joining. Figures 10 and 11 are photographs of an actual model of a complex
structure defined by the Developable Surface program. Additional typical forms
created with this program can be seen as a part of the film presentation of this
paper as computer simulated color video pictures.
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Ruled Surface Progrum, An Approximation to Warped Surfaces

This program constructs a triangular network in a zig-zag manner between the
alternate points on two space curves. The curves are definable in the same ways
as the curve in the developahle surface pro-ram.  The triangular network mav he
flattened out to torm a Clat network, and numeric conttolled Capes aid pictuies
of this are available, as well as plots and display pictures of the three
dimensional objects. Several networks may also be found and displayed at the

same time.

Hyperbolic paraboloids have been extensively used in architecture, for example, -
because they are both elegant and structurally efficient. They suffer, however,
from demanding difficult and expensive formwork. The ruled surface program allows
us to directly build any hyperbolic paraboloid by triangular approximation.

These are a few of a number of techniques we have developed for the definition
and construction of extremely lightweight and mathematically controlled surfaces

and enclosures.
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LTA APPLICATION OF A LONG TRAILING WIRE
" HIGH SPEED/LOW WEIGHT REELING SYSTEM

D. F. Werb *

ABSTRACT: This paper is presented to acquaint the LTA com-
munity with the sucessful development of a unique yet sim-
ple reeling system for handling long trailing tensile mem-
bers at high speeds. This high speed when combined with
the system simplicity, low weight and effective motive pow-
er consumption should make this reeling system particularly
attractive to LTA planners and designers for numerous LTA
missions.

Renewed widespread interest in potential applications of Lighter Than
Air (LTA) vehicles has been generated by both military and civilian
missions that may involve raising/lowering, towing, transferring, lay-
ing, mooring or radiating by use of trailing tensile members. Such
trailing tensile members generally would be metal cables, nylon haw-
sers, coaxial multi-strand electrical wires, fiber-optic communica-
tion lines, slender hoses for both liquid and gaseous fluids, and
very-low-frequency trailing antenna cables.

This paper addresses the applicationof a significantly improved method
of "winching" a long metal stranded antenna cable from a LTA vehicle;
however, this "winching" method could well have numerous military/
civilian applications involving the combination of a LTA vehicle and a
reeling system for one and/or two-way movement of long trailing flex-
ible and semi-flexible filaments of any nature.

* Senior Aerospace Design Engineer (3051)
Air Vehicle Technology Department
Naval Air Development Center
Warminster, Pennsylvania
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LTA REELING SYSTEM DESIGN FACTORS

The paramount requirements of most airborne reeling applications in-
volve at least one or all of the following considerations:
1. High speed payout/retrieval of trailing tensile

member.
System simplicity.
Low system weight.
. Low system motive power.
. Various mechanical form factor constraints.

(a) low profile

(b) low center of gravity

(c) crash loading integrity
Certain previously classified airborne missions have required trailing
an Airborne Very-Low-Frequency (AVLF) antenna cable that places empha-
sis on all the aforementioned design factors plus one entirely peculiar
requirement; handling of a fragile semi-rigid tensile member.

Ut s W N
.

AVLF REELING SYSTEMS

Recent AVLF reeling systems have been applications of a common winch
which apply all the trailing antenna cable tensile load onto the
rotating drum. Thus the drum had to be "oil-well rig" design rather
than tailored to air vehicle design.

Structural support and motive power were adversely constrained by this
approach. Unrelieved tensile load and fragile tensile member handling
requirements forced including unnecessarily precise cable wrapping
procedures. All of these design constraints combined to produce a
reeling system that was complex, extremely heavy and slow, handling
almost quarter inch diameter copper covered cable at less than 500
feet per minute (FPM) rates. Minor basic design approach changes
resulted in a 13,000 pound (lb) mechanical system that handled more
than 15,000 feet of cable at no better than 2,000 FPM payout and 500
FPM reel-in respectively.

il

FIGURE 1 - AVLF REELING SYSTEM
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Several design iterations have fine tuned these systems to reach 5,000
FPM payout and 1,500 FPM reel-in rates, and 4,000 pound system weight
development limit.

FIGURE 2 - AVLF REELING SYSTEM

However, high rotational speeds, heavy equipment weight, motive power
inefficiency, unrelieved tensile loads, precise wrapping/vibration
sensitivities, high mass inertia shortcomings and system complexity
have not been alleviated.

MOTIONLESS COIL STORAGE/REELING SYSTEM

The Naval Air Development Center, which has an extensive history in
airborne towing system development, was tasked to explore new cable
handling approaches free of aforementioned shortcomings. Several
years of laboratory experimentation and state-of-the-art reviews pro-
duced a full scale working model of a Motionless Coil Storage/Reeling
System which points the way to alleviation of all the addressed short-
comings.

Motionless Coil Storage (MCS) is a method to store cable in the shape
of a coil without constantly continuing to rotate the coil as each
successive foot of cable is brought aboard and wrapped. An artist's
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sketch of the laboratory model is shown in figure 3.
CABLE

FIGURE 3 - MOTIONLESS COIL STORAGE

The most simple description is to say that it is a significant vari-
ation of the sport fisherman's "spinning reel" that has become so
popular in recent years. MCS employs one very light low speed rotat-
ing member which, in laboratory full scale test setup, reliably demon-
strated 6,000/2,500 FPM cable handling rates and successfully perform-
ed the reel out of 24,000 feet of a copper covered quarter inch dia-
meter (.65 lbs/ft) tensile member in the total elapsed time of just
under 5 minutes ( 4 min., 42 sec.). Laboratory simulation has indi-
cated that reel-in rates can equal payout rates if sufficient power

is available.

Testing began with a concept of pushing and pulling cable into and
out of an open cylindrical container. Progressive changing/testing
led variously to laying cable inside an annular cavity and finally
around to the present concept of freely wrapping the cable about a
large-diameter, low-profile vertical stationary drum with a cable dis-
tributing spinner. The spinner is extremely light in weight and
rotates at a very slow speed while handling cable faster than a mile
a minute. The full potential of the inherent high speed capability
has not been able to be demonstrated yet; however, design synthesis
conservatively indicates a 8,000/5,000 FPM system should total no
more than 1,300 pounds.

Key to attaining these high handling speeds with such a low weight,

low profile mechanical system is the inherent simplicity of the over-
all system design. The spinner requires a simple hydro or electro-
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mechanical drive to maintain low cable tension (5 to 25 pounds) when
reeling-in. Design simplicity for reeling-out is assured by taking
advantage of a unique physical phenomenon discovered in laboratory
testing described as a "reverse loop". The MCS when reeling-out forms
a "reverse loop" at a threshold speed which acts as a stabilizer
against the MCS outer wall, thereby permitting these high speeds with-
out complex control devices.

| LLUSTRATION OF MOTIONLESS COIL “REVERSE LOOP”

A ACTION DURING PAYOUT

THEORETICAL

COILED
CABLE
COILED

> CABLE

O ™
1« REVERSED ARM
——
1W COILED
m CABLE
C(::z e — 7 i }

FIGURE 4

The spinner is not dynamic balance sensitive and does not require
weighty support structure as does a rotating drum and cable combina-
tion. Low mass movement of inertia is inherently more safe and more
easily meets "g" loading structural requirements for crash conditions.

Reliability and maintainability are assured since the system is a
model of simplicity which requires correspondingly simple control and
drive mechanisms.

The MCS has a cable torsion sensitivity threshold which is easily es-
tablished by laboratory simulation to finalize engineering preliminary
design parameters.

Although this paper has addressed the MCS in a VLF trailing antenna
application, the MCS can be combined with cable driving/pulling de-
vices such as multiple capstans, pinch rollers, linear transport de-
vices or "free fall" methods and integrated with LTA vehicles or even
stationary groundborne applications to fulfill limitless missions.

Expanding the laboratory facilities would permit demonstration of
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higher speeds with longer length cables but the NAVAIRDEVCEN has com-
pleted sufficient ground testing of the MSC concept to conclude that
the next most economical step is the design and installation of an
airborne prototype.

This paper is prcesented to acquaint the LTA community with the suc-
cessful development of this technology for whatever applications com-
munity members can devise for their particular needs.
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LTA STRUCTURES AND MATERIALS TECHNOLOGY

Norman J. Mayer*

ABSTRACT: The state-of-the-art concerning structures and
materials technology is reviewed. It is shown that many
present materials developments resulting from balloon and
aircraft research programs can be applied to new concepts
in LTA vehicles. Both buoyant and semi-buoyant vehicles
will utilize similar approaches to solving structural
problems and could involve pressurized non-rigid and
unpressurized rigid structures. System designs common

to both and vital to structural integrity will include
much of the past technology as well, Further research is
needed in determination of structural loads, especially
in future design concepts.

INTRODUCTION

History records that the Western civilized world discovered the
principle of balloon flight when Joseph Montgolfier fashioned a
cubical container from an innkeeper's skirt of silk taffeta in
November 1782 to capture the smoke and heated air of the fireplace
and watched the device rise to the ceiling. '

It was common sense on the part of Joseph and Ettienne Montgolfier
that the container or envelope holding the gases had to be a light-
weight material. Iater versions of Montgolfier balloons were made
of paper or lined with it, Varnished silk was selected for hydrogen
balloons and was a favorite among balloonists many years. As with
most successful inventions, the specialized industries soon became

¥NASA Headquarters, Washington, D.C.
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interested enough to apply their particular knowledge and skills to
the production of more suitable materials, such as high quality cotton
fabric and rubber coatings.

The development of the airship forced the injection of engineering
into the subjecte The inefficiency of propulsion systems accounted
for such a great portion of the available 1ift for power plants that
designers (be they professional or amateurs) were compelled to
utilize lightweight structural design techniques to achieve any
useful 1lift at all. When airships passed from the category of inven-
tor's brainchild and from sport vehicles to transportation or military
vehicles of useful potential, funds and personnel became available to
incorporate engineering approaches into designs. Likewise, as with
balloons, the input of other specialists and industries also began to
be a part of improving the vehicle and increasing its efficiency.
Much can be written concerning the historical aspect of the develop-
ment itself. However, this paper will primarily confine itself to a
review of current technology and specifically to the ‘state of the art
in two major disciplines - materials.and structures.

MATERIALS AND STRUCTURES TECHNOLOGY

These two disciplines are so interrelated that it is difficult, if not
impossible, to clearly separate one from the other. Structural design
techniques vary according to the materials chosen or available.
Materials are chosen depending on the structural design approach to

be used., Modern design practices produce synergistic effects when
structures and materials are properly related.

Recent thought on the subject of airships indicates that future
vehicles could consist of configurations vastly different from
vehicles present or past. It has been shown by various studies
(Ref. 1, 2, 3, and 4) that airships which combine dynamic and static
lift (hybridss may offer an improvement in efficiency in certain
speed ranges. It has also been proposed that either conventional

or hybrid airships employing heated air or other gases may also show
advantages for certain missions (Ref. 4, 5, and 6)e

As long as such vehicles require buoyancy or static lift for any part
of their mission, there will be certain features common to all in
terms of structural and material requirements. These stem from the
fact that buoyancy of any usable amount requires large displacement.,
Thus, all LTA aircraft or their variations will be large vehicles
always exceeding in size any of thelr HTA counterparts by at least
several factors.

Large size or volume is accompanied by large surface area on which
unit air loads are low and much lower than normal airplane surfaces
carry. Ultra-lightweight structural design is required to provide
the external contours of such vehicles without sacrificing lifting
efficiency. Thus, the need for fabrics, lightweight high-stiffness
structural members, etc. is well established. Minimum material gage
is often a problem in design and construction.

The containment of any gas requires use_of pressure control systems
capable of handling high rates of gas flow in order to preserve
structural integrity. Such requirements are reflected in sub-system
development of valves, blowers, and in the design of gas shafts,

air ducts, etc., which require application of special materials and
design techniques. .
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AIRSHIP STRUCTURAL TYPES

Pressure rigid

Pressure semi-rigid

Figure 1
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Regardless of vehicle type (conventional or hybrid), the designer has
to choose whether to maintain an aerodynamic configuration by means

of pressure or by means of a non-pressurized external skin supported
by an internal rigid structure, or by a combination of both. Figure 1
illustrates airships which are examples of the various types.

These common characteristics distinguish LTA vehicles from their HTA
contemporaries and require application of a considerable amount of
past knowledge as well as new technology.

Materials

Pliant Materials -~ As noted above, airships are pressure sensitive
vehicles. Therefore, there is usually a need for at least part of
the gas container to be capable of volume changes and be constructed
of a pliant material,

An ideal material in this category would be a film with extremely low
permeability, high tensile strength, high tear strength, a linear
stress-strain curve to the yield point, reasonable Young's tensile
modulus, good ductility, isotropic character, and stable properties
under expected environmental conditions. Thus far no such material
exists.

High altitude scientific balloons have used films alone for envelopes.
Such balloons are an example of the interdependence of structures

and materials. During the 1950's a balloon form was developed known
as the natural shape. The contour of the envelope was determined by
the gas head pressure and resulted in all stresses being carried in
the vertical direction such that theoretically there would be zero
circumferential (parallel to equator) tension. Such design enabled
use of oriented polyethylene and later use of vertical load tapes.

One parameter peculiar to balloons of this type, which does not
necessarily apply in the case of airships, is that of the high alti-
tude environment. In such an environment, the envelope is directly
exposed to very low temperature and high ultraviolet radiation.

Higher strength films are obtained by reinforcing with some kind of
filament, usually bonded to the film and oriented in a quasi-ortho-
tropic pattern., Table 1 lists a few examples of films and their
characteristics for balloons and gas cells, For comparison, older
film and gas cell materials are also listed.

Table 1
BALLOON FILMS AND GAS CELL MATERIALS
Weight2 Tensile Strength Permeabjlity

FILM Reinforcement |0z./¥d,” | Ibs./In. Warp L/m
Polyethylene None 0.3 15 1.00
2 Ply Mylar None 1.6 30 0. 30
Mylar Dacron Scrim 1.6 . L5 1.75
Nylon Nylon Cloth 1.9 50 2,00
Rubber Cotton 5.5 L5 3.00

Coating
Gold Beater's|Cotton Le5 40 2.00
Skin
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Many of these materials are of interest for airship applications,

One significant characteristic sometimes not considered at the outset,
is that of resistance to manufacturing and handling damage and
resistance to tearing. Films tear easily. Reinforced films are much
more difficult to tear once the damage reaches the reinforcing
filaments.

If the material is to be used as a gas container primarily, its
required strength would be determined by the amount of superpressure
it would have to endure and the method of transferring the 1lift of
the gas to the structure. These requirements would combine with the
anticipated cyclic variations of pressure and flexing, atmospheric
conditions, and the above mentioned resistance to accidental damage.
It is anticipated that future airship gas cells would be similar to
the reinforced balloon films now in use.

When material is required to serve as hull structure as well as gas
container, as in a non-rigid airship, strength and other requirements
are considerably more severe. The stresses are higher, the environ-
mental effects are a major factor, and gas retention becomes a serious
problem. These parameters combine to .exceed the properties of films
alone and thus far, only the higher efficiencies obtainable from
closely spaced filamentary materials such as textiles, appear to be
satisfactory.

Textiles have been conventionally woven as two sets of threads cross-
ing each other in an orthogonal pattern. Such weaves are effective
in transmitting stress in their respective directions, but not in

any diagonal direction, i.e. on the bias. Therefore, the usual
solution is to bond two or more plies of cloth together such that

one is oriented L45° to the other., Most two-ply envelopes are con-
structed in this fashion.

A recent patented textile development, known as "Doweave", provides
for this function by having three thread sets intermeshed in a
single fabric to provide quasi-isotropic properties and eliminate
the need for bonding two or more plies together, therefore making
possible single ply envelopes. ‘

Woven fabrics must be coated with an elastomeric material or bonded
to a film of sufficient thickness to prevent high gas loss. All
non-rigid airships built to date have employed the first method -
namely a coating as the gas barrier. For two or more ply construc-
tion, the bonding of the fabrics is also accomplished by an
elastomeric coating. An outer coating, often of different material
from the inner, is applied to the surface exposed to_the airstream
to provide resistance to and control of environmental effects. The
net result of such construction is a material which consists of
about half cloth and half elastomer.

If a Doweave type material is used, there is a weight saving of one
thread set plus the additional inter-ply elastomer or adhesive.
However, since the total elastomeric thickness provides the gas
barrier, and a certain minimum amount is required to achieve a
given rate of permeability, only specific testing would determine
how much could be eliminated totally.

Another approach which theoretically provides more efficiency is to
combine the best properties of two materials - namely film and cloth.
Thin film can be manufactured to provide a much less porous surface
than can be obtained by an equal weight of elastomer. Research
programs for improved balloon films have progressively enabled film
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manufacturers to achieve unusually thin gages of high quality. For
applications where the film is only a gas barrier, the minimum gage
theoretically would only be limited by that required to eliminate
microscopic holes, and obtain a given rate of permeability. Thus,

a weight saving is possible by bonding a film to one or more plies of
cloth, and ideally could consist of a combination of the three ply
Doweave with a thin film gas barrier.

Fabrics which function as structures undergo a considerable number of
cycles of flexing which consists of elongation of the yarms, an
interaction of the yarns due to crimp through the interstices, and
ply deformation due to shear stresses. All of this flexing has an
effect on the bonds between the elastomer or films and the yarns in
the cloth. In the case of the former, microscopic paths for gas
escape are developed. In the case of films, localized debonding can
occur which eventually leads to leaks.

Since envelopes (and gas cells) are manufactured, shipped, and handled
many times during both processes, they are subjected to wrinkling,
creasing, scuffing, or abraiding conditions., Both elastomeric coat-
ings and films are adversely affected by this treatment. Again, the
elastomer can be damaged by the local flexing and the film can ﬁe
debonded. . A number of tests simulating such conditions are usually
necessary to evaluate particular candidate materials.

Pliant materials which function as both gas cells and airship hulls
must have, in addition to good gas retention, and the other charac-
teristics noted previously, sufficient resistance to creep-rupture
under both constant and varying stress. Most materials will creep
under constant stress above certain temperatures. Fibers made from
either natural or synthetic materials creep at temperatures within
the normal operating ranges. The rate of creep varies with the
stress level. For a given stress level, a fiber or cloth made from
it will fail after a period of time of sustained stress. Envelope
materials are chosen on the basis that the failure point is beyond
the planned life of the envelope. Since these characteristics vary
considerably among various materials, data must be developed or
available for each candidate materiai.

The stress-strain curve for most of the candidate organic fibers
shows a linear portion at lower stresses and non-linear portions at
higher stresses. Materials which show no linearity are not accept-
able for airship envelopes. Uncontrolled stretch results in dis-
tortion of the envelope shape which affects the aerodynamic perform-
ance of the airship. It also produces severe problems with the
rigid components which are attached to the envelope such as nose
stiffening, suspension systems, cars, fins, and control systems.
This is the reason why nylon has not been used, although it possesses
good tensile strength. Polyester fabrics, such as Dacron, on the
other hand, do demonstrate satisfactory elongation and creep, and
are standard for most airships (and tethered balloons) at present.

In recent years, a new polymeric fiber has been developed by DuPont
which appears to be ideal for airship applications., This is called
Kevlar-,9. It possesses a tensile strength of about 400,000 p.s.i.
and higher (580,000 p.s.i. in short lengths)e Ref. 7. In addition
to its high tensile strength, it has a tensile modulus about double
that of aluminum, and a linear stress-strain curve. It is already
being applied to aircraft structures as a composite material as will
be noted later. As a textile replacement for present airship fabrics,
it appears to be a promising candidate. Table 2 compares various
natural and synthetic fibers for pressure airship envelopes.
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As noted, the concept of using heated gas in certain future vehicles
has been proposed. The lifting efficiency of such vehicles varies
with the temperature of the gas, If envelope fabrics are required to
operate atsustained high AT values, these parameters must be factored
into the selection and evaluation .of the material, particularly with
regard to creep and operating life,

Table 2
FIBERS FOR PRESSURE AIRSHIP ENVELOPES

Specific Specific

Fiber Tensile Strength Tensile Modulus
KEVLAR 49 8x106 38Ox106
POLYESTER 2x106 20x106
NYLON 2.8x106 20xlO6
COTTON 0.8x106 l9xlO6
SILK l.OxlO6 21x106

Metals -~ Modern aluminum alloys have about double the tensile strength
of the alloys used during the early 1930's for large airships., While
such difference can be translated into weight saving, the percentage
is strongly dependent on the application. When applied to a rigid
pressure airship design, such as a metalclad, the full improvement in
strength may be utilized over the major sections of the hull, provided
the airship is large enough. In rigid designs, where girders and
frames were employed with a non-structural covering, an 18% weight
%mprovg?ent due mostly to improved girder design has been estimated
Ref. .

A significant feature of conventional airship structure is the fact
that large portions operate at very low stress, As discussed later,
both the Zeppelin types and the pressure types tend to behave as
monocoque cylinders in bending and are much more sensitive to the
maintenance of adequate structural stiffness against both local and
general buckling. Unfortunately, although tensile strength has
improved for aluminum alloys, the modulus of elasticity has not.

This factor points to the need for localized stiffening of structural
members such as may be obtained through application of selective
composite reinforcement as discussed later.

Other Metals - The combined requirements for high modulus, good
fatigue life, and low corrosion were recognized in design of large
airships in the past, and as recently as 1939 stainless steel girders
were considered as candidates for airship structural  members (Ref. 9)
Today, they would continue to be examined, especially in combination
with some of the structural design approaches discussed later,
Titanium alloys could also provide some of the structure for certain
airship hulls. Both stainless steel and titanium would represent
higher cost as compared with aluminum, and neither would represent
much gain in weight savings, especially in a minimum gage application.

Composite Materials - Fortunately, much of the technology presently
being developed and available in connection with the use of composite
materials in airplanes can be applied to airships. Table 3 lists

the properties available from composites as compared with metals,
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Table 3
PROPERTIES OF STRUCTURAL MATERIALS

Specific

Specific Tensile

Material Tensile Strength Modulus
7075 ALUMINUM O.8x106 lOOxlO6
6A1l LV TITANIUM l.lxlO6 lOOxlO6
KEVLAR/EPOXY 3.2x106 220x106
GRAPHITE/EPOXY 3.5x106 350—700x106

In this regard, two approaches are possible. The first involves the
use of composites to provide local strengthening and stiffening of
conventional metal structures. This process is described in Ref, 10,
Essentially, it consists of bonding laminates made of advanced
composite materials (boron or graphite/epoxy) to the surface of
structural members, usually stiffeners or flanges located at the
maximum radii of gyration in a section of structure. ILaminates are
manufactured from standard tapes of composite materials. This
process could be applied to light alloy members of airships with very

effective results.

The second approach would be use of an all-composite structure where
all structural members are manufactured from fibrous composite
materials. As will be discussed later, the maximum values of weight
savings could be obtained from this approach.

Structures

One of the most controversial aspects of past designs and present
airship proposals stems from an evaluation of their structural
adequacy. In some respects, much of this controversy is the result
of comparing past technology in airships with present technology in
other aircraft. It is a matter of record that in the period repre-
sented by early Zeppelin construction through that of the U.S.

rigid airship program (1900-1935) that some of the best aeronautical
engineering talent available was associated with airship technology
development. The airship structure particularly represented a
challenge to the theoretician and analyst and the airship itself
was a very advanced aeronautical development. Structural design,
therefore, was at its best when applied to the airship. In particu-
lar, this refers to the rigid types, since in the case of the pressure
types the sizes were smaller, and the problems simpler.

A survey of the state of the art can be made concerning three aspects:
loads, structural analysis, and testing.

Loads - Airship hull loads resulting from aerodynamic forces consist
of maneuvering loads, gust loads, and ground handling loads.

For airships flying at speeds approaching 100 mph, the hull bending
moments produced by flight through gusts by far exceed those from
maneuvering. Generally, a thorough analysis of this condition would
include determination of loads for the hull itself for a maximum
design velocity gust transit, and other conditions which would produce
maximum loads on the empennage and other components.

The response of an airship to such conditions is dependent on its
configuration and its accompanying dynamic and control characteristics.
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Up to and following the design of the Akron and Macon rigid airships,
a substantial amount of research was performed to determine maximum
gust conditions and airship flight characteristics in gusts. These
were limited to the ellipsoidal hull shapes employed for all airships
up to the present.

During the 1930's, a special airship research facility became avail-
able in Akron, Ohio which contained, among other things, whirling arms,
a vertical wind tunnel, and a water channel., These three pieces of
apparatus were used in combination with scale models to investigate
gust effects on rigid airships. Figures 2 and 3 illustrate two methods
used.

The difficulties and uncertainties of relating such tests to full
scale results can be appreciated. More significant, however, is the
necessity of building a step-by-step base of technology which eventu-
ally is proven sound enough to furnish confidence for future design
approaches., Since gust response is configuration sensitive, a period
of learning and confidence would be necessary for new concepts which
represent significant departures from the ellipsoidal form.

Another approach to this problem can be taken by means of a computer—
ized analysis to simulate flight in turbulence. Such studies were
initiated in 1958 as part of the U.S. Navy airship structures
research program (Ref. 11). Figure L shows a typical set of curves
obtained in this manner for a large non-rigid airship.

Ground handling of airships has always represented a critical part of
the operational cycle. A good case can be made for never hangaring
or docking airships because the records show more losses or damage
occurred in this part of the operation than from any flight accident.
The main reason, of course, is the fact that the maximum hull forces
used for design are derived from flight conditions as discussed above.
Ground forces are only permitted to develop loads which do not exceed
flight values. This results in maximum cross winds of about 20 knots
against which the airship may be held. If provisions were made for
higher winds, the ground condition would become the dominant hull
design condition and would result in excess strength (and weight)

for flight. Designers have been unwilling to accept this penalty

for a non-flight condition.

During ground handling operations, lines are designed to slip (if on
winches% or part to avoid hull overstress and resultant structural
damage. If this should occur in the vicinity of a hangar, the result
is a collision and severe damage to the airship.

A number of tests using towed models in water have been run to inves-
tigate both the static and dynamic conditions involved., One series
of tests actually simulated the complete docking/undocking operation,
including the weathervaning motions while moored (Ref. 12),

Newer proposed concepts for airships would include hull shapes
resembling oblate spheroids, deltoids, or other flattened configura-
tions. These shapes in comgination with a large portion of static
heaviness may effectively eliminate or reduce the limitation of the
ground conditions,

Analysis - The complexity of analysis of the structure of a rigid
airship can be illustrated by a statement by C. P. Burgess (Ref., 13),
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"Even the exact calculation for the simple case of a hexagonal braced
structure, five frame spaces in length, and with symmetrical loading,
requires the solution of ten simultaneous equations —-- with the work
carried out to six or seven significant figures". :

Of course, no rigid airship was ever built with only six sides so

that exact solutions of structural analyses were never feasible for
these more complex structures. Approximate methods were developed,
however, which have shown remarkable accuracy when compared with later
test results (Ref. 14).

Among the contributors to analytical development was Professor
William Hovgaard of MIT, who in 1922 developed a method to reconcile
two separate approaches involving a bending moment approach and a
transverse shear approach (Ref. 15)s Later contributions were made
by L. H, Donnell, R. V. Southwell, Upson and Klikoff, and Burgess

(Refo 16).

A1l of these analyses suffered from the inability of the analyst to
visualize or separate overall deformation from local effects result-
ing from the flow of stresses in the structure. An ingenious method
for achieving this, using scale structural models, was developed by
the Goodyear Zeppelin Corporation based on principles described
originally by L. He Donnell (Ref. 16). This method was applied to
both complete and partial models of rigid airships. The essential
element in such models was a model girder which scaled down the
axial, radial bending and torsional stiffness of the major component
members of the prototype. In addition, members also incorporated
sensitive means of measuring the corresponding strains and stresses.

The use of these models allowed analysts for the first time to
evaluate the existing methods of structural analysis, and separate
effects of local from general loads. The design of members was
varied according to the type of condition to be investigated.
Figure 5a shows a typical member. Figure 5b shows the method of
measuring deflections of the model.

These techniques are essentially represented in modern computerized
finite element structural analyses. These programs contain libraries
of various types of elements such as plates in shear and bending,
membranes, rods, beams, rings, etc. whose behavior under various
loading conditions are predetermined and their mathematical expres-—
sions entered as a permanent part of the computer program. The
analyst then represents the actual structure as accurately as
possible, using the available elements in the library. A very complex
structure can be represented in this fashion, using several thousand
elements. The computer program then combines these elements and
performs the required structural analysis yielding stresses and
deflections for a given load condition, static or dynamic. It also
produces mode shapes and frequencies, frequency response or other
structural data for which it was designed. The results can be
displayed by CRT's or by computerized plotters enabling the engineer
to actually see the calculated deformations (Ref. 17). These complex
analyses were impossible to perform in the 1930's and it was not
until the early 1960's that the high speed digital computer rendered
practical solution times ranging from minutes to hours, depending

on the problem.

Figure 6 shows a modern aerospace vehicle structure graphically
represented in finite element form.
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Testing ~ There are several categories of tests which all aircraft
undergo during development. The first of these is part of a process
sometimes called engineering development. In this process, complex
structural elements such as joints, typical sections, and members or
portions of structures containing advanced manufacturing processes
such as bonding are tested to validate the design and analysis approach
and the reliability of the manufacturing process. New material com-
binations are also evaluated to develop, if necessary, design allow-
ables (values of strength and elastic characteristicsS which can be
relied upon for design. This type of testing would be necessary for
any new designe.

A second category of testing is the static test, wherein the complete
structure, or portions of it, representing the production design are
subjected to various load levels up to design limit and finally
ultimate or failing loads. While portions of the structure may be
tested this way, usually realistic tests of this kind are impractical
for large airships. In the past, static bending tests were performed,
but only low percentages of the limit could be obtained due to limi-
tations in applying load to the structure.

A similar circumstance was found in dynamic testing of large launch
vehicles for spacecraft. Although such tests were conducted, they
were limited to input loads of low values. The costs of such testing,
which was performed outdoors, was so great as to stimulate R&D
programs for developing scaled dynamic test models with sufficient
accuracy to replace full scale tests.

Models such as described previously might be adapted for simulating
large airship tests as well. ‘

A number of special tests may always be required to check out struc-
tural and design characteristics peculiar to airships. Full scale
flight tests, of course, will always be required to provide full
flight condition check-out for all systems.

DESIGN APPROACHES -

Today, there is considerable speculation concerning novel approaches
to improved LTA vehicles. These range from proposals for modernized
versions of Akron-Macon-Hindenburg designs to types which combine
airplane-helicopter-airship features. Much of the technology dis-
cussed in the foregoing sections would apply to all types. Improved
materials would naturally benefit any aircraft, and may be critical
to the success of some. An example of this is the solitary, but
significant development of the ZMC-2, an all metal hulled airshipe.
This design was critically dependent on the development of alclad
aluminum which provided the difference between achieving a hull where
corrosion would haVve quickly accounted for its integrity and one
wﬁ@ch remained airworthy for over 10 years, despite its .008 gage
skin.

Modern structural design and analysis techniques also apply to all
types of future airships. However, there are many distinctions
possible among various types proposed and their accompanying struc-
tural features and efficiency. The two major classes would include
buoyant types and semi~buoyant types.
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Buoyant Types

Practically all LTA vehicles built thus far fall into this classe The
results of a study by the author made in 1960 showed the rigid non-
pressure type to be about 25 - 35 percent moreefficient structurally
than the non-rigid pressure airship.

Against such efficiency must be weighed other factors such as cost
and operational flexibility. Non-rigid envelopes can be fabricated
at any suitable facility and shipped anywhere. Navy non-rigid
envelopes represented about 10% of the total cost of the airship.
Iarge rigid hulls, on the other hand, must be constructed at the
final assembly point with much special equipment and manpower. The
structure and the fabrication represent a major portion of the total
coste. '

Operational flexibility is obtained from the non-rigid by virtue of
its envelope being able to temporarily sustain higher than design
loads (within limits, of course) without damage. This increases the
overall safety of the aircraft and allows for much parameter uncer-—
taintye.

Not all of these differences obtain without qualifications. Various
methods have been proposed to reduce fabrication costs for rigid
types. Composite materials, for example, offer a possibility here
due to lower tooling costs. They also would result in further weight
reductions over those obtainable from modern metals. Recent NASA
studies of transport aircraft have shown structural weight savings
up to 30% (Ref. 18)e Also, methods may be available to perform the
complete assembly of a hull only as a final step (Refe. 19).

While a pressure airship may seem inherently safer, the penalty of
assuring an adequate means of sustaining pressure and the need of
adjusting and monitoring this pressure almost constantly during
flight is an additional operational complexity. The use of compliant
materials for structure is definitely a weight penalty as reflected
in the study. However, the comparison does not include application
of recently developed fibers. Compartmentation of gas space in a
non-rigid does not produce the same advantages as available to rigids.
A high rate of pressure reduction is an unacceptable hazard to
non-rigids.,

The metal-clad airship would show an improvement over the values for
the noh-rigid. Modern versions of this type (in large sizes) con=-
structed of high strength aluminum, stainless steel, or titanium
might equal the rigid in structural efficiency, although other design
trade-offs might auger against the choice.

A design concept which combines a rigid/non-rigid concept was invented
by Ce P. Burgess, but never applied in practice (Ref. 20)e The main
structure consists of four longitudinal keels connected by widely
spaced transverse frames and diagonal shear wires. Only the shear
wires are inside the gas space. The gas is contained in a combination
envelope-cover similar to a non-rigid airshipe The keels are external
to this envelope and are faired over by a light cloth cover. The
combination envelope-cover is terminated by semi-hemispherical or
concave ends with the space between cells also filled with gas.
Ballonets are used to pressurize the gas sufficiently to maintain

a stiff outer shape. These features are shown in Figure 7. As
pointed out by the inventor himself (Ref. 21), there are a number of
advantages and disadvantages to this concepte
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Semi~Buoyant Types

Although semi-buoyant LTA aircraft would acquire some of the charac-
teristics of airplanes or helicopters, they will have structural
indices (Ref. 258 considerably below ordinary HTA aircraft. Therefore,
they will not be entirely free of the need to utilize ultra-light-
weight structure. Single skin construction would appear to be limited
to pressurized hulls unless the permissable operating speed ranges

are significantly high enough to allow skin gages or semi-monocoque
construction of sufficient stiffness to avoid local buckling. Perhaps
the higher modulus composite materials would provide the answer here.

As noted in the introduction, gas retention will require consideration
- of the same factors as were necessary for buoyant types. Thus, most
of the materials technology can be applied.

There is a substantial base technology for the aerodynamics of ellip-
soidal hulls, A similar technology might be extrapolated from tests
of certain aircraft body shapes such as lifting bodies and re-entry
shapes., The size difference could produce serious discrepancies in
drag and stability estimates, but should not be too serious for loads
determination.

PROBLEM AREAS

Materials

Fortunately, the high altitude free balloon and the tethered balloon
have continued to develop a technology in materials which can be
applied to future airships. This includes the art of design and
fabrication of pliant materials, A similar development does not
really exist for rigid structures. Ultra-lightweight metal design
and fabrication has not been needed for aircraft and only to a
limited extent for spacecraft, ‘Whatever technology is available

in this regard may well come from the latter engineering activity,
however., Composite materials offer a distinct possibility for
improvements, but most of the research and design activity has been
directed toward airplane application. Only recently has there been
recognized a need for large area structures with low unit loads for
space application. This is an area requiring a combination of
advanced structural concepts and new materials applications and
could represent a fairly large technology effort in LTA,

Structures

The area of structural analysis has received sufficient attention in
recent years such that much of it is applicable to the most complex
airship structure and should be no great problem for the future.

The area of weakness, however, is in the determination of loads.

This was never satsifactorily achieved for conventional airships,

even though progress was made as previously noted when gust transit
criteria became predominant in design. Much more needs to be
accomplished here, particularly in relating realistic conditions to
loads in very large vehicles. An important part of this relation-
ship is the response of the airship to the air load condition in

" terms of the overall vehicle dynamics and control activity. Practi-
cally no technology base exists in this category. Likewise, a
technology program would have to be established for new configurations.

The success or failure of either buoyant or semi-buoyant vehicles

will be dependent on their overall efficiency and cost. Both elements
will be strongly influenced by conceptual innovation and application.
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of superior design techniques. As was true in the 1920's and 30's,
the best engineering talent may be required to achieve feasibility
and ultimate success in new future vehicles.

CONCLUSIONS

1. Both buoyant and semi-buoyant airships have common materials and
structures requirements in terms of needs for pliant materials,
pressure control, and lightweight structural design.

2. Pliant materials technology can be applied from present balloon
development to design of gas cells and envelopes and should result
in higher efficiency components.

3. Improved metals and composite materials both offer reductions in
overall weight for future airships.

L. Loads determination in large airships represent a critical
technology need for structural design.

5, Modern computer techniques will provide a significant improvement
in analysis of complex airship structures.

6. Testing of large scale airship structures will probably require
use of models.

7. New design concepts are needed for most effective combination of
structures and materials technology.
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POTENTIAL CONTRIBUTION OF HIGH STRENGTH, HIGH MODULUS
ARAMID FIBERS TO THE COMMERCIAL FEASIBILITY
OF LIGHTER THAN AIR CRAFT
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ABSTRACT: This paper reviews Kevlar® aramid fiber, fabric,
rope and cable performance, and economics relevant to the
material, structural, and reliability aspects of lighter
than air craft.

I. INTRODUCTION

Kevlar® 29 and Kevlar® 49 are two high strength, high modulus, and low
density organic fibers recently introduced by Du Pont. These unique
aramid fibers offer for the first time textile processibility combined
with the highest specific strength (tensile strength/density) available
commercially for any material, and a specific Young's modulus (modulus/
density) intermediate between fiberglass, steel and aluminum on the low
side, and the more exotic graphite and boron fibers on the high. The
excellent tensile properties of "Kevlar" have generated extensive trade
development programs and commercial sales into rubber and plastic rein-
forcement uses, many of which have requirements similar to those anti-
cipated for the construction, operation and maintenance of lighter-
than-air craft.

A
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A. Tensile Properties

The basic "Kevlar" characteristics are summarized in Table I. Organic
fibers such as nylon and Dacron® polyester have long been used success-
fully in many industrial applications; but their properties limit their
ability to perform in end uses requiring very high strength and low
stretch (e.g., wire rope and electromechanical cables). "Kevlar" 29

and "Kevlar" 49 aramid fibers with their combination of high strength
(400 x 103 psi), high modulus (9 to 19 x 106 psi), or low stretch (2.4
to 4%) that approach steel (Figure 1), combined with light weight

(v1.45 g/cc) permit the realization of systems not practical with steel
or other synthetic fibers. The yarn properties of "Kevlar" are compared
to those of steel, nylon and "Dacron" polyester in Table I. A compari-
son of the strength and stiffness per unit weight, also called specific
strength and specific stiffness, versus other fibers and metals is

shown in Figure 2. Note that "Kevlar" offers the highest specific
strength of any known commercial material, and a specific modulus inter-
mediate between conventional fibers and metals on the one hand, and more
exotic fibers such as graphite and boron on the other.

B. Temperature Effects

The high level of room temperature strength and modulus versus more con-
ventional textile fibers is retained at elevated temperatures as shown
in Fig. 3 and 4. In .addition, low temperatures that could be encount-
ered in polar service do not reduce the strength or unduly embrittle

the fibér, Table II. More extreme lower temperatures, as those required
for the containment of liquified gases are also innocuous to the fiber.
Work by NASA has shown that "Kevlar" 49 fiber that had a room tempera-
ture (75°F, 297°K) tensile strength of 425 x 103 psi, only decreased in
strength to 386 x 103 psi when tested at liquid Hp temperatures (-423°F,
20K), Ref., 1.

C. Creep

A further design consideration for inflatable structures, such as the
skins of balloons, is that they must remain in tension for long periods
of time without excessive creep. The high crystallinity of "Kevlar" 29
and 49 make creep negligible up to significantly high percentages of
the ultimate tensile strength (UTS) of the fiber, Fig. 5. Comparison
of the creep rates of "Kevlar" 29 and "Dacron" polyester, measured by
the slopes of the curves in Fig. 6, gives further indication of the
superiority of the aramid in this respect.

D. Creep Rupture

Strong but brittle materials have difficulty sustaining high percentages
of their ultimate tensile stress for useful periods of time due to their
creep-rupture behavior. This causes cracks that initiate at some point
in the material to rapidly propagate, leading to the collapse of the en-
tire item. The substantial advantage over glass of the fibrous poly-
meric structure of "Kevlar" in preventing this brittle fracture has been
documented elsewhere (Ref. 2). This characteristic could be of value

in the design of pressure vessels required for vehicle altitude control
and/or ground storage of helium.
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E. Ultra-Violet Stability

Precaution should be taken to protect "Kevlar" ropes, cables and fabrics
from degradation due to prolonged UV exposure. Because "Kevlar" is
self-screening, if degradation of the outer perimeter of a rope, or the
outer plies of a coated fabric, can be tolerated, they will protect the
interior from damage. More economically, ropes and cables can be jack-
eted with UV resistant braids (e.g., "Dacron"), or an extruded pigmented
thermoplastic. A pigmented film as the outer layer of a coated fabric
lamination is also an effective UV screener.

III. FLAMMABILITY

Flammability characteristics can be crucial in the selection of mater-
ial for the applications of interest to this audience. The Limiting
Oxygen Index (LOI) is an accepted method of ranking the relative flame
retardance of textile fabrics, Table III. Note that the performance of
"Kevlar" 29 and "Kevlar" 49 is similar to high temperature resistant
Nomex® aramid. Table IV compares the flame and smoke characteristics
of "Kevlar" 49 fabric reinforced resin laminates with identical glass
fiber reinforced configurations, where precaution has been taken to
select a halogenated epoxy as the matrix. Data show "Kevlar" 49 to
meet stringent specifications in effect for commercial aircraft
interiors.

IV. ELECTRICAL PROPERTIES

The dielectric constant of a "Kevlar" laminate is about one unit lower,
and the loss tangent equivalent, to that of a glass fiber reinforced
item that uses the same resin. Thus, "Kevlar" is transparent to elec-
tromagnetic radiation and can be used advantageously as radome material.
Both electrically and thermally it is an insulator, Table V. Its good
dielectric properties also make it an ideal material for antenna guy
wires that do not interfere with signal transmission.

V. COST

Presently, "Kevlar" sells on a dollars per pound of breaking strength
basis at 20 to 40% premium over improved galvanized plow steel wire.
The very significantly higher strength per unit weight of "Kevlar" vs.
steel compensates for the difference in cost per unit weight. At real-
istic projected prices, the cost for equivalent strength with "Kevlar"
29 and 49 should be lower than for steel wire.

VI. APPLICATIONS

We will now describe applications for "Kevlar" which take advantage of
its properties described above, and which have relevance to material,
structural and reliability aspects of lighter-than-air craft. We will
purposely exclude "Kevlar" reinforced plastics applications in the air-
craft, missile, marine and recreational equipment field that are well-
documented elsewhere in the literature (Refs. 4-7). We have specific-
ally selected for review "Kevlar" uses in high performance ropes and
cables, coated fabrics, and industrial hose. The relevance of the
performance demonstrated by "Kevlar" in these uses to the anticipated
requirements of materials for lighter than air craft should become
clear in what follows.
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A. Ropes and Cables

1. Advantages

The primary advantage of "Kevlar" fibers is an excellent strength-to-
weight ratio in very long cables such as those used in oceanographic
and aerospace markets. Fig. 7 illustrates the "free" length "Kevlar"
will support in both air and water as compared to steel. With the
highest specific strength of any material known, "Kevlar" offers in-
creased payloads and permits easier handling with smaller, lighter, and
more economical systems.

In addition to the high strength-to-weight ratio, "Kevlar" also offers
the following advantages:

e High modulus (resistance to stretch)
e Corrosion resistance

e Non-conductivity

e Flexibility

These characteristics are advantageous in many applications where
"gevlar" is now under evaluation. These include:

Mechanical Lines -
e 0il well rig mooring lines

Buoy mooring lines

Tug boat towing lines
Running and standing rigging
Helicopter hoist lines
Balloon tether lines

Antenna guys

Parachute shrouds

Leader lines

Electromechanical Cables -

Data and sonabuoy mooring cables
e Air and sea towed antenna cables
e Deep ocean work system cables

e Subsea television cables

® Balloon tether cables

Data developed to date in these applications confirm the anticipated
strength-to-weight advantages of "Kevlar". In mooring lines, now being
developed for offshore oil rigs, a mechanical line of "Kevlar" with

1 million pounds breaking strength exhibits an 80% weight savings in
air versus steel. Deep ocean electromechanical cables being developed
by the Navy have also shown the high strength-to-weight ratio allows
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higher payloads in water (20X) at the same safety factor as an equal
size steel cable. In addition to the easier handling of these lighter
lines and cables, the corrosion resistance provides safer, longer last-
ing systems, with no significant strength loss occurring after one
year in sea water.

Also, the non-conducting characteristic of "Kevlar" provides added
safety in lines, and prevents the strength member from shorting out
conductors in electromechanical cables, or interfering with the recep-
tion of antennas. High altitude meterological balloon tethering cables
have been deployed and are performing satisfactorily. Pultruded
"Kevlar" 49 reinforced plastic guy wires have been operational since
1972 on the radio telescope of the Arecibo Observatory, Puerto Rico
(Ref. 7).

A further benefit, confirmed in hydroplane work by the Navy and Woods
Hole Oceanographic Institute, is that cables of "Kevlar" are much
quieter in operation than steel cables.

2. Forms

"Kevlar" 29 and "Kevlar" 49 can be used either as "soft" yarns (like
nylon and "Dacron" polyester) on conventional textile twisting, strand-
ing or braiding equipment, or as resin impregnated strands which may be
handled like steel wire on wire stranding, cabling and braiding equip-
ment.

Types of rope and cable structures which have been demonstrated include:
3-strand, 8-strand, plaited, single and double braids, parallel strands,
1x7, 1x19, 7x7, 7x19, 19x7 ropes, and center core and contrahelically
wound cables. Typical properties of some rope constructions are shown
in Table VI. The construction is chosen to achieve the optimum balance
of strength, modulus and flexibility required for specific application.
Notice that the strengths of the "Kevlar" items are equal or better than
for steel at about one-fifth the weight of cable.

3. Cost

Cost comparison of "Kevlar" and nylon or polyester ropes, Table VII,
shows "Kevlar" to be comparable in cost at equal breaking strength.

B. Coated Fabrics

Table VIII shows Hypalon® coated nylon fabric (5.1 oz/ydz), intended as
air supported shelter material, compared to a "Kevlar" analog that util-
izes fabric of less than half the basis weight (2.1 oz/yd2). The
"Kevlar" item is 20% lighter, stronger and more tear resistant. We are
currently evaluating fabrics coated with other elastomers. -

Work by Sheldahl Advanced Products Division in tethered balloons (Ref.
8) has shown that ply laminates of "Kevlar" offer significant strength-
to-weight improvements, are less permeable, and have equal or better
abrasion resistance than conventional "Dacron" reinforced counterparts
(Tables IX-XI).
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C. Industrial Hose

small diameter industrial hoses (3/16"-1/2") with thermoplastic resin
inner liners braided with "Kevlar" and covered with PVC have been shown
to support internal pressures up to 40 x 103 psi. Such industrial hoses
are now commercial. "Kevlar" is expected to offer considerable advant-
age in automotive radiator and heater hoses with temperature capabili-

ties up to 300°F.

Gates Rubber Company has recently reported (Ref. 9) use of "Kevlar" in
anhydrous ammonia hose with high burst, low volumetric expansion and
superior chemical resistance than incumbent products; and in high
pressure hose which is nonconductive and more flexible than their steel
reinforced counterparts. :

VII. CONCLUSIONS

"gevlar" in its regular (9 x 106 psi) and high (19 x 106 psi) modulus
forms offers a combination of physical properties heretofore unavailable
among man-made fibers. 1In spite of its superior performance, "Kevlar"
retains the handleability normally associated with more conventional
textiles. This allows processing using existing equipment and techni-
ques that result in high performance products of attractive economics.

The high level of tensile strength per unit weight of "Kevlar" combined
with its balance of other properties has allowed the reduction to prac-
tice of systems concepts in mechanical and electromechanical applica-
tions not possible with other materials. The new dimensions in design
and economics available with "Kevlar" we think can help improve the
performance/cost effectiveness of the lighter than air craft concept.
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TABLE I - YARN PROPERTIES

"Kevlar" "Kevlar"
29 49 GIPS* Nylon "Dacron"

Tenacity, gpd** 21 21 2.9 9.8 9.5

" psi 400,000 400,000 285,000 143,000 168,000
Modulus, gpd 500 1000 200 55 ; 115

" psi(108) 9 19 29 0.8 2.0
Specific Modulus,
in., 108 1.7 3.6 1.0 0.3 0.6
Density (g/cc) 1.44 1.45 7.86 1.14 1.38
Elongation, % 4 2.4 2.0 18.3 12.0
Cost ($/1b) 7.50 8.50 0.80 0.80-1.00 0.75-1.05

" ($/1lb Break 99 112 80 25 27

Force x 10-8)

*Galvanized Improved Plow Steel
**gpd = grams per denier

TABLE II - "KEVLAR" 29* PROPERTIES AT ARCT

IC TEMPERATURE

75°F
Tenacity, gpd 19.1
Elongation, % 4.1
Modulus, gpd 425
Loop Tenacity, gpd 8.3
Loop Elongation, % 2.0

*4500 Den.

TABLE III - LIMITING OXYGEN INDEX

-50°F

19.8
3.9

Nomex®
"Kevlar

0.20
0.25

T-728 Nylon
Virgin wWool
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TABLE IV - FLAME AND SMOKE PROPERTIES IN EPOXY* RESIN

"Kevlar" 49 Glass

Flammability FAA 25.853 Test

Burn Lencth (in.) 5.5 7.75

Time to Extinguish (min.) 0.70 0.75
National Bureau of Standards
Smoke Chamber

Max. Specific Optical Density

flame ignition ‘ 148 197

Max. Specific Optical Density 54 77

radiant ignition

*Flame retardant

TABLE V - ELECTRICAL PROPERTIES OF "KEVLAR" 49 AND GLASS
FABRIC LAMINATES IN FR-4 EPOXY RESIN

"Kevlar" 49 Glass
Dielectric Constant
(ASTM D-150, 106 Hz) 4.12 5.15
Dissipation Factor
(ASTM D-150, 106 Hz) 0.0239 0.0210
Dielectric Strength, volts/mil 957 793
(ASTM D-149) (29.7 mils) (36.1 mils)
Volume Resistivity, ohm/cm 15 15
(ASTM D-257) 5% 10 2 x 10
surface Resistivity, ohm/square 15 15
(ASTM D-257) 5 x 10 3 x 10
Arc Resistance, seconds 125 123

48 44

Volume % Fiber

Conditions: Tests at R.T. after samples had
been conditioned at 73°F for 24
hours at 50% R.H.
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TABLE VI - TYPICAL ROPE CONSTRUCTIONS

3-Strand

"Kevlar" 29
"Dacron"
Nylon

Braid

"Revlar" 29 (med. pick)
"Dacron"
"Kevlar" 29 (long pick)

8-Strand Plaited

"Kevlar" 29
"Dacron"
Nylon

H.B.L. Plaited

"Kevlar" 29
w/"Dacron" cover
Nylon

w/"Dacron" cover

Wire Rope

1x7: "Kevlar" 29
Galv. Aircraft
Strand

1x19: "Kevlar" 29
Stainless Steel
Galv. Aircraft
Strand

Tx7 s "Kevlar" 29
Galv. Aircraft
Strand

7x19: "Kevlar" 29
Galv. Aircraft
Strand

Diameter

(in.) Lbs/100 Ft
1/2

1/2 -
1/2 -
9/16 10.8
9/16 10.0
3/16 1.5
1/2 8.6
1/2 7.0
1/2 6.8

23/23 13.2
1 18.9
1/8 0.8
1/8 3.5
3/16 1.4
3/16 7.7
5/16 3.5
5/16 16.7
1/2 8.0
1/2 45.8
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Break
Strength
(1bs)

14,300
6,900
8,000

34,000
16,000
6,500

17,500
6,400
7,100

31,500
24,600

2,500
2,100
4,700
4,700

12,000

9,200
25,000
22,800




TABLE VII - COST* COMPARISON IN ROPES

"Revlar" 29 Nylon or Polyester

Breaking Strength, 1bs

1 1/4" 153,000 64,000
2" 302,000 164,000
Weight, 1lbs/100 ft .
l11/4" 61 53-60
2" 156 . 135-135
Cost/Foot, $ '
11/4" 4.78 1.83
2" 12.42 4.64
Cost/Lb Breaking Strength ($ x 107°)
.1 1/4" 3.12 2.86
2" 3.17 2.82

*Wall Rope "Uniline" price list May 1974.

TABLE VIII - AIR SUPPORTED SHELTER MATERIAL

Nylon "Revlar" 29

FABRIC PROPERTIES

Weight, oz/yd? 5.1 2.1

Tensile Strength

Grab Method (WxF), 1lbs 380 x 375 215 x 230

Burst - Mullen, psi 800 930
COATED* FABRIC PROPERTIES

Weight, oz/yd? 15.0 11.3

Tensile Strength

Grab Method (WxF), 1lbs 300 x 300 380 x 335

Tongue Tear Strength

(WxF), 1bs 20 x 20 20 x 25

Burst - Mullen, psi 840 900
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TABLE IX - TENSILE STRENGTH OF "KEVLAR" 29
COATED FABRIC LAMINATES (Ref. 8)

1-Ply 2-Ply 1-Ply 2~Ply
"Dacron” "Dacron" "Kevlar" - "Kevlar"
Test Temp. 3.8 oz/yd? 2.25 oz/yd? 1.8 oz/yd? 2.7 oz/yd?
_°c MD TD MD TD MD TD MD TD
(1b/in) (1b/in) (1b/inY (1b/in)
60 230 220 173 148 257 300 331 303
22 262 263 184 154 269 330 394 420
=51 258 261 216 210 321 334 460 457
MD = Machine Direction
TD = Transverse Direction
TABLE X - HELIUM PERMEABILITY DATA (Ref. 8)
l/m2/24 hr @ 300 N/m2 Pressure
Single-Ply Two-Ply
"Dacron Kevlar" 29 "Dacron" Kevlar" 29
0.4 0.3 0.7 0.5

TABLE XI - ABRASION DATA* (Ref. 8)

1-Ply "Dacron"

1-Ply "Kevlar"

2-Ply "Dacron"

2-Ply "Kevlar"

Cycles
40,000

69,000
21,000
21,000

¥Number of cycles required to expose the

fabric when abraided against themselves.
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" N76-15038

AIRSHIP CONSTRUCTION

John Roda*

ABSTRACT: Forty-four years ago the first successful metal
airship was completed and delivered to the United States
Navy, the ZMC-2. Between those years and the present,
very little effort or serious consideration has been given
to the manufacture, design, construction, or economic
impact of airships. It is important that we retain and
exploit the small but continually diminishing pool of air-
ship talent that will expedite the success of the United
States in what is now a pioneering venture. The relative
simplicity of airship construction, utilizing the tre-
mendous technical advances of the last 44 years, leads to
the conclusion that this form of transportation holds
great promise for reducing costs of military missions and
improving the international competitive position of the
United States in commercial applications.

The design concept for our all metal airship directed the utmost con-
sideration toward manufacturing feasibility. The design is such that
existing fabrication and assembly methods can be applied.

Extensive sub-assembly of the airship's structure components into
large module segments will substantially reduce the elapsed time re-
quired to complete each airship in the assembly dock.

Modular assembly methods in various forms are presently being used in
aerospace and modern shipyards to increase productivity, insure quali-
ty and reduce costs.

When necessary to accelerate production, a subcontracting program will
be negotiated with existing aircraft builders, also their sub-con-
tractors and material suppliers. Thereby we will avail ourselves of
additional facilities and skilled personnel.

*Director, Turbomachines, Inc., Irvine, California, U.S.A. and member,
Southern California Aviation Council, Inc., Lighter Than Air Committee
Technical Task Force, Pasadena, California, U.S.A.
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The technical skills required to fabricate and assemble metal airships
are comparable to those presently employed to construct all metal air-
planes. For the forseeable future these skills are readily obtainable.

Certain special tooling and new assembly methods, as they relate to
our metal airship construction are being designed and developed during
the initial research and development phase. During these early stages
of research and development, close coordination between engineering,
manufacturing and tooling personnel is very essential.

The team concept is a must on an airship development program. You can-
not departmentalize. Time and cost will not permit an elaborate organ-
ization.

A delivery schedule commitment applies to all involved on any complex
project. A schedule is no more or less than a timetable, or time
allotment. It is very important that all functions committed to a
"pPromise to Deliver" complete their responsibility on time.

A behind schedule condition frequently leads to cost overruns. This
is usually caused by expending excessive overtime and resorting to
other forms of heroics to make up for lost time. The excessive use of
overtime on a fixed price contract can become a bottomless pit inas-
much as a fatigue factor limits output, and not the hours expended.
Also, quality is endangered as mental fatigue and discoordination
occur.

There are many factors involved in scheduling and they are all of
utmost importance and deserving of full consideration before making a
contractual delivery commitment.

QUALITY CONTROL

The quality of aircraft starts with the initial design layout. Quali-
ty must be designed and manufactured into a craft with each operation
performed within approved standards.

Quality cannot be inspected into an aircraft or in any way compromised.
There can be only one standard applied as to the degree of quality
acceptance. Skill requirements for airship craftsmanship must be
above levels acceptable for routine aircraft production line work.

Airship mechanics will require diversified experience and a capabili-
ty to perform a variety of skills with a minimum amount of supervision.

CONSTRUCTION FACILITIES

Existing airship construction facilities in America are limited and
whether any of these could be obtained for an airship development pro-
gram is being investigated.

If existing facilities are not available, a new and completely modern
structure with overhead cranes, elevators, adjoining fabrication '
facilities and engineering department should be constructed. If such
a structure were approved, serious facility design consideration must
be given for future growth in size of airships up to thirty million
cubic feet or larger. Modern production layout would be taken into
account.
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For the initial research and development program, present United
States government owned facilities exist in Southern California. This
prcperty includes two large airship hangars. It is a former Navy Air-
ship Base, now being used as a helicopter repair and storage depot. A
close inspection would be required to determine whether they are ade-
quate, or if they are obtainable for a prototype airship development
program.

The location, climate and other considerations make this facility
desirable. '

Information from knowledgeable sources indicates that much government
owned surplus machinery of all categories and sizes are stored in
various depots. If this equipment could be leased for an airship pro-
gram, much valuable time could be saved with a considerable reduction
in total budget requirements.

In conclusion I would like to share this thought with you. At this
late hour we still have access to a diminishing store of technical
knowledge and experience relating to modern all metal airship engi-
neering and construction.

This knowledge and experience is a valuable and irreplaceable national
asset and should be exploited to strengthen our national defense.

The dirigible also has the potential for resolving our rapidly deteri-
orating national transport system and thus insuring our future eco-
nomic well-being. ’

There is an urgent need in many areas of this world for a modern air-
ship transport system to provide transportation and cargo service
where none exists. These multiple needs will insure the economic
viability of this transportation medium, a medium which is capable of
establishing an entire new industry and sustaining itself on its own
merits.
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N76-15039

OPERATIONAL CONSIDERATIONS FOR THE AIRSHIP
-H ANS

Charles D. Walker*

ABSTRACT: This paper surveys the airship's problems and the possi-

ties for their solution in a short-haul transportation environ-
ment. The problems are derived from both past experience and envi-
sioned operation, Problems relative to both fully buovant and semi-
buovant confiqurations are considered and their origins in principle
discussed. Also addressed in this paper are the state-of-the-art
technologies with the potential of providing answers to the airship's
operational difficulties.

The airship as a mnde of short-haul transportation appears amona the lona list of
potential applications for the modern operational vehicle. But there is, at present,
no operational transport airship, The anticipated problems of operation, a necessary
element of the concept evaluation for any new system, must then be based upon any
pertinent past operation, This operational experience is, however, limited in its
direct correlation to modern demands, It is limited not only in the scope of appli-
cations but also in time base (as compared to span of operations for Heavier Than Air)
and level of technolooy. Virtually all inputs keyed to large riaid airships origi-
nated prior to 1939, Military and limited commercial (mainly advertisina) experience
continued to the early 1960's in the form of non-riqids., Only limited commercial
application is on goina, Current research and development is almost nonexistent.

So the present day planner, wishine to determine the applicability of a modermn air-
ship to the short-haul air transport market, must either ianore the labors of his
technological forebearers and start from scratch or he can build on the past. He has
the abilitv to survey, filter and assimilate the facts and ficures of the airship's

. operational history. Determining the operations and the problems that are now rele-
vant to a short-haul role, he can make swifter, less costly and less risky system
desian decisions, This paper will make a beainning in this direction,

*Manaaer, Aerlfng. Bedford, Indiana, U},S.A.

PRECEDING PAGE BLANK NOT FILMED
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RENUIREMENTS OF THE MODERN AIRSHIP IN SHORT-HAUL TRANSPORTATION
Eventually, a set of criteria will be reaquired to evaluate the enaineering solutions
of the airship's operational shortcominas, Thes? cEiteria can be extrapolated from
the aeneral reaquirements of a short-haul system, *»

Renuirements of Short-Haul Transportation

The oeneral reocuirements of the short-haul system are no different than those of any
larqe transport system: safety, convenience and comfort, comparable cost, and com-
munity benefit., From these aeneral reauirements, the technical requirements of a
short-haul mode aircraft may be drawn. These are shown in Table 1.

Table 1
Technical Requirements of an Aircraft Short-Haul Mode

e Reliability at Least Equal e Accessible to the Traveler/
to Fixed-Wino Aircraft Shipper

® Navinational and Fliaht Compatible with the Traveler/
Path Control Aids to Provide Shipper
A1 Weather Operation

e External Noise at Acceptable
o Internal Noise Vibration, Levels
Sensitivity to Atmospheric
Conditions at Levels Attractive
to the Traveler/Shipper

Low Air Pollution

e Low Eneray Consumption

e Competitive Payload Capacity
e Minimize Utilization of Land

e Competitive Block Speed and New Facilities

The short-haul aircraft will be operating over travel distances of up to 500 miles
and in low, medium and high density markets,

OPERATIONAL PROBLEMS OF THE MODERN AIRSHIP |

It can be assumed that in this operational environment the modern airship will en-
counter many of the same difficulties as its ancestors during the first third of this
century. There will also be new problems spawned by market demand, institutions, and
modern technoloay. The list of problems that follows contains those difficulties that
appear to be most nearly associated with the short-haul operatina mode.

Slow Speed Aerodynamic Cantrol

This problem is not one peculiar to the airship, It is common to all aerodynamically
controlled bodies. Basically it is the control surfaces' inability to provide an
adequate resultant force due to lack of sufficient flow velocity. The upper thresh-
old for loss of aerodynamic control is generally 15 mph, It was found that a kind of
control reversal also occurs at the§e low speeds. This has been investicated and pro-
cedural remedies can be instituted.® This problem is particularly hazardous during
landine maneuvers when positive control is required for mooring operations, as well as
for the welfare of the ship itself,

Trir Control

The balance adjustment of an airship in flight has two inputs - aerodynamic and static.
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Aerodynamic trirming is done by deflection of the elevators. Again, this is a common
point for controlled aerodynamic bodies. But static trimming is more obvious in a
buoyant vehicle., Static trim is accomplished by adjusting the center-of-aravity longi-
tudinally. The mediur of static trim adjustment has usually been ballast moverent,
ballonet inflation control, valving of 1ifting gas, or even shiftina on-board person-
nel. Obviously, the principle is positional control of mass, Adequaie control of
static trim can effectively minimize the demand for aerodynamic trim,

Buoyancy Control

This problem area can be basically described as the reouirement to maintain a level of
static 1ift. Control is a function of vehicle altitude and 1ifting medium temperature.

Gas Valving

The valvina of 1iftino gas is intimately tied to buoyancy control, In fact, it is a
means of control., Gas will be valved if the airship exceeds its pressure altitude
and the nas cell or envelope is at maximum volume condition. There is the potential
of a catastrophic failure of the envelope, so qas’is released to reduce the pressure
differential. Gas may be valved to control ascent and descent, although it is the
most expensive and risky means.

Ballast Management

Again, this is a means of buoyancy control and also potentially a trim control tech-
nique. Ballast is mass and has consisted of such innocuous items as sand, lead, and
water. The inefficient use of ballast (and qgas valving) in flight can lead to a con-
dition called "exhaustion" by the fiermans. It is the condition of an airship that
has lost its means of huoyancy (and possibly trim) control.

Manpower (Ground Crew)

The bulk of the airship reauired many personnel actively engaged in holdina her down
when the ship was not flying. Beino a buoyant body, the airship was aqenerally at the
mercy of some of the elerments and people were the most easy means of active control.
Today, this kind of labor intensive activity is a problem,

Weathervaning

Another around problem, weathervaning is actually a result of the vehicle being a
buoyant body and subject to any sufficiently large disturbing motion of the surround-
ina medium - wind, With a streamlined confiauration and airfoils aft, the airship
continually tries to point into the wind. Moorina and around handling equipment and
operations must be adaptable accordingly. :

Weather

Perhaps potentially the areatest problem, weather has many facets, Gustina near the
around may cause a vehicle/around collision. Turbulence at altitude can produce
structurally damanina shear forces. Thermals can produce an undesirably rocky ride-
trim control problems, Precipitation and condensation provide buoyancy problems
throuoh mass accumulation on the vehicle's surface and possible coolina of the 1ifting
nas, reducing displacement. Temperature variations result in chances of 1iftina aqas
and thus affect buoyancv. The control surfaces can easily be jamred if ice is al-
lowed to accumulate. This problem is common to all aircraft. Loss of visibility is
not as areat a problem for an airship as it is for a heavier than aircraft because an
afrship can reduce its velocity to zero in obstacle avoidance without loosina 1ift.

It will be more of a danoer in convested airspaces. Lightnina strikes are not a areat
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rroblem because even a larae puncture of the cas container doesn't mean a catastrophic
loss of 11ft. And the use of helium, rather than hydroaen as the liftina agas, means
that combustion is neoated.

Human Error

This problem is all pervasive and, as lona as man remains in the operational system,
this problem area will, to some dearee, be present.

Air Traffic Control

This headina refers to a catagorv of problems derived from the interaction of air
vehicles within a 1imited volume of airspace. An air transport system brings these
problems of conoestion upon the airship,

Useful-Load Transfer

The transfer of payload to or from the airship, both on the ground and hoverina, is
seen as presentina some toush engineering and procedural problems. Problems of posi-
tive load positioning, vehicle control, and buoyancy control are foremost in this new
area,

Landina Impact Control

Because airships were oriqinally constructed of airder and wire frames overlayed with
fabric skins, any impacting contact with the earth could cause structural damage.
Impact loadina would still be a problem with riaid structures of this type,

Interface Yith Ground Handlina/Support Eauipment

Problems of eauipment/systems interfacing will become a larager concern when the de-
sian complexity of the airship escalates to meet the problems touched on previously,
Both active and passive around support will be important to a moored or docked airship.

POSSIBLE TECHNOLOGICAL APPROACHES
A1l of the previously descussed problem areas must be evaluated to determine their
basic nature, Only then can effective, detailed approaches to solving the problem

be programmed, In the paraaraphs to follow, however, a start is made at isolating
state-of-the-art concepts and techniques that may be able to evolve solutions,

Vectored/Lift Thrust

Producing vectored thrust bv swivelina propulsors and by reversing propellors is pos-
sible, Both methods are either in operation today or in the prototype stage,

Another approach that is in operation is the use of the directed thrust jet of a turbine
enaine; an application of hlown flap technolony.

Improved Control Surface Pesponse

Several current control systems appear to be applicable. Control Augmentation System,
fly-by-wire, and Active Contrel Technoloay would provide an attractive coupling of
digital/electrical/hvdraulic/mechanical svstems for the increasingly complex control
requirements of the modern airship.6, 7 Boundary Layer Control would ago far toward
solvina the principle cause of surface control loss.

Imoroved Static Trim
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The appreach to improving static trimming may be the positional control of mass in the
form of a 1iquid, Aircraft are currently utilizina on-board fuel for this purpose by
controlling its location in the fuel tanks. Additionally, the concept of a semi-buoy-
ant airship would provide mass for an inertial keel that is inherently trim stabilizing.

Thermodvnamic Lifting Gas Manaqement

Sugaestions for artificial means of super heating the 1ifting gas to increase 1ift on
one hand and cool, compress or 1iquify the gas to decrease 1ift on the other, have
obvious merit, The means of compression and liquification may prove too massive,
however,

Mechanical/Thermal Icina Prevention

Proven means of applvina thermal eneray to aerodynamic surfaces to prevent icing are
available. The heat produced by a thermodynamic aas management system would alsc prove
helpful. Hvdraulic and mechanical means of releasing the ice are practical.

Increased Speed Capability

This improvement has many benefits including economic competitiveness and weather
avoidance. 1t may be accomplished by use of laminar fiow control to reduce drag,
better aerodynamic desian, and turboprop/turbofan propulsors.

Avionics

The wide range of systems available and progqrammed can provide aids to solve the
weather and air traffic control problems, Instrument Landing System and Area Navi-
gation are two systems in existance. Micro-wave landing and discrete-address beacon
systems are projected aids of importance. Weather forecasting provided to the systems
user will ao far to assist the operational airship,

Improved Flight Crew Training

Simulators, currently an indispensible part of flight crew training should improve‘
the afrships' efficiency and safety.

Ground Handling/Material Handlina Equipment

In a competitive transport market, the airship cannot ignore the existina container-
ized/bulk carao handling systems, In addition, consideration to adaptina conventional
general purpose equipment such as vans and flat-bed trucks should be given, This
could assist in opening new markets,

Improved Moorina Methods

The problems of mooring and handiing airships will not soon be gone., But innovative
devices such as turntables for moorina and direct mooring to the airship’ s undercar-
riage structure could ease them,

Further study and clarification of the semi-buoyant 1ift concept may in itself prove
the most important solution to the modern airship's problems, The successful adapta-
tion of the safest form of air travel with the best understood and utilized form
could mean a more efficient complete transportation system,
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DESIGN ASPECTS OF ZEPPELIN OPERATIONS
FROM CASE HISTORIES

Walter P. Maiersperger*

ABSTRACT: This paper deals with some widely held beliefs
concerning the practicability of rigid airships in air
carrier operations. The paper shows, by a review of past
operational experience, and some basic aerostatic theory,
their actual record and the reasons for their demise.
Problems of atmospheric density and temperature varia-
tions, meterological factors, aerodynamic stability and
control, and mooring difficulties are discussed and re-
lated to actual case histories. Structural and flight
efficiencies are compared to airplane efficiencies for
airplanes contemporary with the zeppelin as well as
modern designs. The difficulty of supporting new,
commercial airship developments on an economic basis is
made clear.

"In the development of human flight the zeppelin episode could only
have been a very brief one". So wrote the master mariner of airships,
Hugo Eckener, with respect to air carrier operations. Because refer-
ence books, semi-professional journals and current airship enthusiasts
have published a great deal of mis-information about bouyant aircraft,
it is the purpose of this paper to put on the record of this workshop
some physical laws and design factors that establish the truth of
Eckener's observation.

Ship Analogy - Sir George Cayley appears to have started the analogy
with surface ships by suggesting that airship lift be subdivided into
multiple compartments for greater safety. C. P. Burgess wrote that
because rigid airships had this feature, they could lose one or more
lifting cells without endangering the airworthiness of the ship.

)
*Lt. Col. USAF-Ret
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Actually, this feature only helps prevent instant catastrophy. To re-
main aloft the airship must jettison weight in equal proportion to the
1ift it lost. The weight dropped must leave the airship in satisfact-
ory trim, or it will experience extreme difficulty in maintaining con-
trol of any forward speed, and thus, its chances of reaching a safe
haven. Therefore, any loss of lift jeopardizes the airworthiness of
any airship.

The SHENANDOAH and the R-33 both escaped disaster after being torn
from their mooring masts and thereby suffering the loss of forward
lifting cells. On the other hand the ITALIA and the MACON were both
lost after suffering deflation of their aft cells. The disparity in
the analogy is that surface ships have an immense reserve bouyancy.

No airship ever had any while on a design mission. A ship with a
flooded compartment sinks deeper into the water, all of its hull above
water constituting reserve bouyancy. The airship with deflated cell
sinks all the way to earth, unless it drops weight, as stated above.
This ship analogy is one of the most basic and persistent myths, so it
was treated first.
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Figure 1. Ship and Airship cross-sections

Shipping is the cheapest and best mode of long distance transportation
known to man. It does not follow that because airships are also bouy-
ant vessels, they are equally as attractive. Because water is more

than 800 times as dense as air, there is a striking difference between
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the utilization of volume aboard a ship and an airship. In Fig. 1 it
is seen that it is almost impossible to overload a ship with most
industrial products, -only solid materials and ore can do that. Gen-
erally, the stability of the ship becomes the limiting factor, not the
load which may be placed aboard. In contrast, the passenger and cargo
space on the airship is so small as to be almost unrecognizable. As
an Englishman has put it, “"The wisdom is questionable, of creating an
airship as large as the MAURETANIA for a load only so large as a lorry
can carry".

Before leaving this analogy, it is necessary to point out that only
captive balloons operate lighter than air. In normal operation, an
airship is not lighter than air. Like a ship, it is equal in weight
to the weight of the fluid it displaces. Balloons, and all airships,
which are really dirigible balloons, should be called bouyant aircraft,
and the term 'lighter than air’' eliminated as part of the myth
surrounding the subject.

AEROSTATICS

Eckener reminds one that every airship landing is essentially a balloon
landing. Misunderstanding concerning the nature of balloon flight be-
gan with the first public notice, the 23 August Proclamation of the
French Government, issued, "so that alarm be not occasioned to the
people". It spoke of balloon experiments than in progress and revealed
the operating principle as "filled with inflammable air" a balloon will
*rise toward heaven till its in equilibrium with the surrounding air".
Ever since, most people believe that a balloon will rise until it is in
equilibrium with less dense air at higher altitude, and conversely,
that a descending balloon will sink until it is in equilibrium with
lower, more dense air. In fact, aerostatic lift is unstable lift. A
light balloon will continue to go up and a heavy one down, until the
pilot valves gas or drops weight, or the balloon, on its way up, passes
the height at which its bag is full, known as pressure height, and
either blows-off gas through its overpressure valves, or bursts. This
physical fact is responsible for the expenditure of both gas and ballas
on every flight. 1In operation, an airship must sacrifice almost 1% of
its gross lift for every 100 ft rise in altitude, and must carry a min-
imum of 3% of its gross lift in the form of ballast to prevent inadver-
tent descent at inopportune times. In practice, its lifting gas is
assumed to be about 95% pure (ie., diffused 5% by air). Thus, a comm-
ercial airship must sacrifice about 13% of its cargo capacity to fly at
minimum altitude (1500 ft) with minimum safe ballast. No other vehicle
ever seriously considered for commerce is so inherently handicapped.

Altitude - Feg. 2 shows the aerostatic effect on design if an airship
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were considered for transcontinental flight. For scheduled, instrument
flight over eastern USA, the FAA requires a minimum cruising altitude
of 8000 ft, and over western USA 16,000 ft. The figure shows the in-
creases in diameter, frontal area, and volume necessary to achieve
various cruise altitudes, compared to a sea level balloon having the
same lift capability. Alternately, the lower block shows the effect on
lift capability if the volume is kept constant and the design is used
at the various altitudes. This block explains the extreme difficulty
all airships have had in crossing the United States in the past, as
they were all sea level designs. The SHENANDOAH flew so low she knock-
ed off her trailing wire antenna 'fish' at 2200 hrs near El Paso. The
GRAF did the same thing near Tours on the return maiden flight, also at
night, and carrying passengers! The AKRON, eastbound, had to jettison
6 tons of fuel and her onboard airplanes to proceed beyond Phoenix, and
was then so short of fuel she couldn't make it back to Lakehurst
non-stop.

None of the historic airship flights would have been sanctioned under
modern airways regulations, yet these flights are recalled by current
enthusiasts to extoll the capabilities of zeppelins. It should be
noted that the figure represents static lift effects only. A larger
airship would require still greater volume increase to carry the larger
engines and greater fuel and ballast load of the larger, high level
design.
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Figure 2. Static Effect of Altitude Figure 3. Atmospheric Effects

The real world has a variable atmosphere and cities are located at
various altitudes and climates. Fig. 3 is a standard air chart which
has certain selected cities spotted on it at their respective altitudes
It is seen that an airship designed for eastern USA (8000 ft design
altitude) could not operate into Denver, at design gross weight if the
ground temperature exceeded 85°F, although Denver's altitude is but
5280 ft. The same would be true at Mexico City, elevation 7347 ft,
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whenever the temperature exceeded 42°F. Only the 16,000 ft design
would be practical for both places, even though the Rocky Mountains
would not have to be crossed from the eastern seaboard, for either
destination. ' ’

Superheat - This is the amount of increase of gas temperature above
ambient air. Superheat develops most noticeably when the airship is
moored out on the field on a sunny day. Even at Santiagp, elevation
1675 ft, the airship will be at 7,400 ft density altitude if 40° of
superheat is allowed to develop on a 100°F day. A sea level design
airship with full cells will blow off gas equivalent to 18% of its
gross lift under such conditions. This happened to the GRAF at Los
Angeles. As the field had no refilling facilities, the GRAF was so
heavy at take-off, she left without ballast and made it over the tele-
phone wires at the end of the field with 3 ft to spare. Eckener
mentions a ‘cat-walk' crew, whose duty it was to step off, or back onto
a moored .zeppelin, depending on changing superheat as clouds or rain
showers went by. Larger zeppelins will require that the field have
gas, water and fuel pumping facilities to maintain the airship at
correct equilibrium under changing conditions. The AKRON experienced
this situation at Parris Is. Marine Base, and the MACON at Opa-Locka.
In both episodes, alternate rain and sun aggravated the troubles, as
rain soaked covers may add 10% to the gross weight of the ship.

Rain, Snow and Ice Loads - If extra gas is added to permit take-off
with a load of rain, snow or ice on the cover, this gas will be blown~-
off when the ship reaches design altitude. Cold weather will normally
allow take-off, whereas in hot weather the gas cells may become full
before the extra 1lift to carry the load is obtained. While moored,
snow and ice may cause high local structural stresses at the horizontal
fin attach points. Nobile recounts brooming for two days to prevent
snow accumulations from buckling his hull at these points. Andree's
log books show his balloon suffered acutely from snow and ice loads in
flight, and they leave the recommendation that means be developed to
heat the cover and prevent such accumulations. Nobile's controls froze
tight on his return from the North Pole. His tragic crash is attribu-
table indirectly to having to stop the ship while the jammed controls
were freed. However glorious the record of the German passenger zeppe~
lins, they never attempted a North Atlantic crossing in the winter sea-
son. Only a few years later, green crews flew combat planes over this
route year ‘round. De-icing remains a development of large proportion
facing those who would resurrect the zeppelin.

AERODYNAMICS

Knut Eckener claimed that airships flew naturally, unlike airplanes
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which depended on some trick to keep it in balance. The force center
comparisons, shown in Fig 4, indicate the airship may be the trickier
of the two. In airplane configuration terms, the airship is a 'tail-
less' design, méaning the tail control surfaces are carried on the
wing itself, -the wing being the hull of the airship. While the center
of pressure (c.p.) and the center of gravity are virtually coincident
on an airplane, the c.p. is far forward of the c.g. on the airship
when it enters a gust. The airship has a third force center, the cen-
ter of bouyancy (c.b.) located high, but directly above, the c.g.

This arrangement provides a stable restoring moment whenever the hull
develops lift. It is seen that the low slung engines of the airship
always produce a pitch-up. C.P. movement on an airplane is expressed
as a percentage of the length of the wing cord. On an airship, it is
a percentage of the length of the entire hull. Tailless airplanes
cause design control difficulties; so does the airship. The inter-
relationship of forces about these three centers apparently require a
great deal of experience for the pilot to assess correctly. For
instance, a heavy ship will be flown dynamically in a nose up attitude.
But an airship at neutral bouyancy, trimmed statically nose heavy, will
appear to fly in the same attitude. Consumption of the fuel and water
ballast causes the c.g. to rise, thus reducing its power to provide
stable restoring moments. A light ship flies and handles differently
than a heavy ship.

. Controls - The destabilizing foree
always produced by gusts on the
forward hull is countered by the

b3t large control surfaces. Their
movement has been a field for de-

' + velopment of design philosophy,
o O¢* /ir a if not for satisfactory solution
oce of the problem they present. The
T
d 1T

problem is that rapid movement of
ovsr
[

the surfaces tends to produce
forces so high as to endanger the
integrity of the hull. On the
. other hand, slow motion produces
Figure 4. Force Center Comparisons very sluggish control response.
It sounds incredulous to learn
that it took 25 seconds to move the LOS ANGELES elevator through full
travel, and that Norway was proud of his solution for the R-100 which
only permitted the full strength of the helmsman to move the control
3° jnitially. Then, as the ship responded, additional deflection
could be applied. Full deflection took about 30 seconds! Norway re-

calls passing thru a squall at night, near Mongreal, when the ship was
tossed upward 3200 ft into the clouds, spun 927 in direction, and
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pitched nose down 350, all in less than a minute. Actually, Norway's$
statement proves the ship was actually uncontrollable under certain
conditions. Both the SHENANDOAH and MACON experienced moments when
the rudder was applied one way and the nose moved initially in the
other. The SHENANDOAH just missed a mountain at night. On the MACON,
the forces produced under this action carried away her upper fin. Be-
cause the airship has a very low thrust to weight ratio, and is slug-
gish in response to its controls, it can hardly avoid being carried
above pressure height in a developing thunderstorm. It then blows-off
its gas, or overpressures and bursts its gas cells, leaving the airship
heavy as it encounters the corresponding down current. Either the
structure fails, as it did in the case of the SHENANDOAH and the DIXMUE
or the ship is left short of fuel and ballast with which to reach its
destination. Because the trim of the airship and the forces developed
are so interelated the pilot may easily make an error of judgement.
The MACON was 'light' when her fin ripped off and deflated her aft
cells, due to the action of a violent down and side gust. Without
steering control and hanging tail low, the pilot dumped ballast heavi-
ly. The MACON then rose above pressure height to 4850 ft and stayed
there 16 minutes, blowing off gas. When it finally grew ‘heavy' and
started down, it went all the way down into the sea.

Airships driven into warmer air tend to sink until their gas tempera-
ture normalizes with the ambient air. The reverse is true when driven
into colder air. Under such conditions, the airship may at first balk
at climbing into warmer air, or descend into colder air. The AKRON
spent several hours cooling off her gas before she would descend into
the cool air overlaying San Diego on her first trip west. Because of
such 'tricks' .airship schedules may only be set to the day, steam ship
schedules to the early or late tide, while airline schedules may be set
to the hour, as Scandinavian Airlines demonstrated when pioneering the
North Polar route from western USA to Europe.

Systems have been proposed to eliminate the valving of gas, by various
means, or to recover the weight of fuel consumed by water recovery sys-
tems placed in the engine exhaust. None of these systems would answer
the control requirement for successful penetration of violent atmos-
pheric conditions. The glib answer is to avoid such conditions. If
the incident of violent weather coincides with the arrival of the ship
at her destination, the answer is no longer satisfactory. Alternate
bases, criminally lacking in the past, must be provided in any serious

plan of the future.

MOORING

A previous section discussed mooring problems associated with changing
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1ift due to temperature variations
and precipitation. This section
will touch on mooring problems con-
nected with wind. The problem dates
back to the first involuntary free
flight of a Montgolfier balloon,
their second of 600 cu ft capacity,
when the wind tore loose the tether-
ing lines. A few days later it de-
stroyed their 23,000 cu ft balloon,
[ epared for a demonstration before
the Royal Academy. Both Eckener and
Lehman had their mooring accidents.
The mooring system developed by the
US Navy appears to represent the
highest state of development of any,
but it is desired to question one
feature of this development, the
stern beam car. Fig. 5 shows this
car in position. It rode out of the
dock athwartships, then transferred Figure 5. Stern Beam Car
to the rails of the mooring circle, .
until the airship was headed into the wind. Then it was replaced by a
lighter ‘riding-out' car which allowed the airship to rotate into the
wind with her nose secured to the ma