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EDITORIAL PREFACE

Rudyard Kipling has been quoted as saying of aerial
ravigation: “We are at the opening verse of the opening
page of the chapter of endless possibilities.” No longer is
there doubt as to the practicability of flying. That was
demonstrated by the United States Air Mail; the commercial
airlines in Europe and South America; the crossings of the
Atlantic Ocean by airplanes, seaplanes and airships; and finally
the circumnnavigation of the earth by airplane.

While the consequences to flow from man’s new power
cannot yet be estimated, of this we may be certain: As the
development within a few generations of railway, steam-
ship, and automobile has altercd every relation of the world’s
life, so the possession at last of aircraft, emabling us to
utilize the free and universal highway provided by nature, niust
lead to effects upon human activity no less wide and profound.

The need is widely felt already for a progressive litera-.
ture of aerial navigation. We need technical information
for designers, engineers, and pilots and for the growing army
of students. We need also discussions of the practical im-
plications of air navigation, for statesmen, economists, and
representatives of industrial and commercial organizations
whose interests and operations are affected by the now mode
of transit. The Ronald Aeronautic Library, a series of
volumes by specialists able to speak with authority, supplies
this information, It is the purpose of the editor to keep the
Library continually abreast of every phase of aerial develop-

- IRTETIL

The division into separate volumes is governed by the
needs of each branch of aeronautics. At the same time this
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v EDITORIAL PREFACE

permits of frequent revisions to keep pace with the progress
of an expanding art. The arrangement of the text facilitates
reference almost to the extent found in the standard engineer-
ing handbooks. Information is not limited to American ex-
perience; foreign sources are drawn upon freely.

C. peF. CHANDLER,
Editor, Ronald Aercnautic Library

AUTHOR’S PREVFACE

This volume is intended to fill the dual rble of textbeok for
the student of airship design and handbook for the practical
engincer. Much material which is necessary for the student
may be ncedlessly elemental for the designer. The design of
airships, particularly of the rigid type, is mainly a structural
problem; and theoretical aerodynmamics has nothing like the
relative importance which it bears in airnlane design. This is
to be expected when we consider that the gross lift of an airship
depends solely on the specific gravity of the gas and the bulk
of the gas container, and not at all on shape or other aero-
dynamic characteristics which determine the lift of airplanes.
Forthcoming volumes of the Ronald Aeronautic Library will
deal with theoretical and applied acrodynamics; therefore a
single chapter on acrodynamic forces is deemed suflicient for
this book.

The literature on airship design is very meager, but on the
other hand, there is a vast literature on the strength of mate-
riels and the design of structures. No one should attempt to
master the art of airship design without a thorough grounding
in the theory of beams, columns, and frame structures, includ-
ing the elements of applied elasticity and the use of such elastic
theorems as Castigliano’s “Principle of Least Work” in solving
statically indcterminate structures. Knowledge of structurul
theory being presupposed, only such theorems and methods of
calculation as are peculiar to airship design are developed in
this book.

The principal materials of airship construction are textile
fabrics, duralumin, and steel. The textile fubrkes are very fully
described in Part III of “Free and Captive Balloons” by C.
deF. Chandler, in the Ronald Aeronautic Library., Many vole

-
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vi AUTHOR'S PREFACE

umes exist on steel, including the high tensile varieties used in
aircraft construction. The literature on duralurin is also suf-
ficiently extensive, so that there is no need to treat the subject
in this volume.

The mensuration of areas and solids bounded by curves, and
calculations of buoyancy, load, shear and bending moments are
among the fundamentals of naval architecture; but a knowl-
‘edge of naval architecture is not assumed for the student of
airship design, although it is a very great help to him, and these
subjects are therefore developed at some length in Chapters
IIT and 1IV.

In the present state of the art of airship design, many mat-
ters are controversial, and in such cases the author has endeav-
ored to present botk sides of the question without bias or dogma,
so that the reader may formulate his own theories and ideas,
and perhaps arrive at new solutions for old and bitherto imper-
fectly solved problems.

The author gratefully acknowledges his indebtedness to his
collcagues in the Burcau of Aeronautics, particularly to Com-
mander J. C. Hunsaker, formerly Chief of the Design Section.
Thanks are due also to the National Advizory Committee for
Aeronautics and the Royal Aeronautical Society for kind per-
mission to republish much valuable data.

C. P. BurcEss
June 15, 1927
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CHAPTER 1
THE TYPES OF AIRSHIPS

Classification, Airships are commonly classified into three
types, known as nonrigid, semirigid, and rigid. The first two
types have fabric envelopes dependent upon internal gas or air
pressure for maintenance of form, while the rigid type has a
structural framework of girders and wires over which a fabric
cover is tightly drawn and maintained in shape independently
of the gas pressure. In rigid airships the gas is contained within
fabric cells which are normally flabby from being only partially
inflated.

It has been proposed to classify all airships of the nonrigid
and semirigid types as pressure airships, and the rigid type as
pressureless.  The metalclad airship, designed by the Aircraft
Development Corporation, is unique in being both a pressure
and a rigid airship, since it depends upon internal pressure to
maintain its thin metal skin in tension and to avoid collapse in
flight, while at the same time it is rigid in that it has a structural
bull of practically invariable shape, which cannot be deflated
and folded like a fabrie envelope.

The nonrigid and semirigid types of airships are admirably
described in “Pressure Airships” by Blakemore and Pagon
(Ronald Aeronautic Library). This volume treats chictly the
largest and most important type, the rigid airship, except in so
far as the principles and methods of design are common to all
three classes. Some typical airships are shown in Figures 1
to 4.
~ The pressureless rigid airship. The modern rigid airship is
an evolutionary development from the historic airship Zeppelin

3



4 AIRSHIP DESIGN [Ch. 1

1, built by Count Zeppelin in 1gco. During thf: course of the
quarter century of progress since the construction .of the first
Zeppelin, the Zeppelin Company has always been in the 'f01:e-
ground, although other constructors in Germany., Great Britain,
and the United States have contributed not a little to the evo-
lution of the type.

The hull of the rigid airship consists of a framework of lat-
ticed girders running longitudinally and transversely, braced by
steel wire tension members. There are h:om 17 to 2 5 TOWS ?f
longitudinal girders, depending upon the size <.)f the ship; a,nd. it
is probable that the number will be increased in the larger shfps
of the future. These girders are usually spaced equally, to give
2 hull in which the cross-sections are regular polygon.s, although
some departure from the regular polygonal torm is common
near the keel at the bottom of the ship. The funcu.on of the
keel is to afford a longitudinal corridor through the ship, and to
provide stowage space and a structure to carry the fuel, b‘a.llast,
bombs, cargo, crew’s quarters, etc. In the faarly Zeppehr.l air-
ships, the keel was external to the hull; later it was placed mtfar—
nally, following the practice of the Schii.tte-Lanz Co.m}')any, with
great improvement to the aerodynalzmc characteristics, .and.a
saving in the structural weight; but in the latest Zeppelin air-
ship, the Los Angeles of the United Sta,tes. Navy, 1fh¢.a bot‘tom
of the keel is dropped a little below the circumscribing circle

e other longitudinal girders.
thr?i‘l}%: ?rlansverse gi%ders form rings, designated frames, of

which there are two kinds, known as main and intermediate .

frames. The main frames are cross-wired Wit%l a complex
system of wiring between the joints; these frames give transverse
rigidity to the hull structure, a.nc.l form bulkheads betweﬁn
adjacent gas cells. The intermediate frafneg are necessarily
without transverse wiring in order to a.w.fo.ld' interference with
the gas cells; and they have but little rigidity, although they
assist the longitudinals to sustain gas pressure loads', and com-
pressive forces resulting from the bending of the ship.

Ch. 1] THE TYPES OF AIRSHIP 5

The hull structure is stiffened against shear and torsion by
steel wires, designated shear wires, running diagonally in the
quadrilateral panels bounded by the longitudinal and transverse
girders.

The framework of the hull is covered by an envelope or
outer cover of cloth, drawn smooth and tight, in order to mini-
mize resistance, and made as nearly impervious as practicable
to moisture and to the heat and light of the sun.

The gas from which the buoyancy is derived is contained
within cells of cotton cloth lined with goldbeater’s skin to provide
gas-tightness. These cells press against the girders of the hull,
and are restrained against excessive bulging between the girders
by netting, termed the gas cell netting or wiring, secured to the
inner edges of the longitudinal girders. The netting is sufficiently
tight to insure a minimum clearance of about 3 to 5 in. between
the gas cells and the outer cover. The gas cells are free to con-
tract to no volume or to expand to the maximum limits of the
structure and netting within which they are confined.

There is a very general impression that because the framing
of a rigid airship lies in several planes, instead of in one plane
like the side trussing of a bridge, the full diameter of the hull
is not utilized to give girder strength. As a matter of fact, the
transverse wires in the main frames, and the diagonal shear
wires in the side panels, bind the girder structure so effectively
that the entire hull acts practically as a homogeneous tube of
high efficiency.

The metalclad airship. A rigid airship differing radically
from the Zeppelin type is the metalclad airship, having a gas-
tight envelope of light metal plating, supported by a metal
framework. Within the metal envelope there is a fabric ballonet
diaphragm to provide for variation in the gas volume. The
first rigid airship ever constructed was of this type. It was de-
signed and built by an Austrian, named Schwarz, in 1897. Its
envelope was of aluminum plates, .008 in. in thickness, secured
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6 AIRSHIP DESIGN [Ch 1

to a lattice framework of aluminum tubes. On its first and only
flight the airship leaked so much gas at the joints of the plating
that it crashed to the earth and became a total wreck only four
miles from the starting point. The construction of an airship
with a metal plate envelope has never been repeated; but at
the present time (1927) the construction of such an airship is
under way by the Aircraft Development Corporation of Detroit,
Michigan.

Using an immensely superior technique to that which
was possible to Major Schwarz thirty years ago, the faults
and troubles of the first metalclad airship may be overcome; but
the practicability of the type cannot yet be foreseen. The metal-
clad airship is of the pressure type, although rigid, and has the
advantage over the conventional rigid type in that nearly all of
its parts are in tension, and tensile forces can be taken care of
by much lighter members than are required for equal com-
pressive forces. The Zeppelin type is handicapped by a large
weight of fabric in the gas cells and outer cover, contributing
very little to the structural strength. In the pressure airship,
the envelope not only provides the greater part of the strength,
but also performs the functions of the gas cells and outer cover.
Pressure airships, as hitherto constructed, have not been structur-
ally lighter than the pressureless type, because rubberized
balloon fabric ! has a breaking length (i.e., the ultimate strength
of a strip divided by the weight per foot of length) of only about
11,000 ft., as compared with about 45,000 ft. for duralumin, and
65,000 ft. for high tensile steel wire. Moreover, the strength of
fabric diminishes so rapidly with age that a Jarger material
factor of safety is required for it than for metal. The metalclad
airship is a pressure airship constructed of duralumin instead of
the much less efficient balloon fabric, and therefore has the
possibility of the lightest construction yet attained, but it is

1 Strength and weight of rubberized fabrics are tabulated in Part III of “Free and Captive Bal-
loons,” a volume of the Ronald Aeronautic Library.

North Pole Semirigid Airship Norge

Figure 2.




Nonrigid Type Airship, U. S. Navy C-7

Figure 3.
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not yet known what material factor of safety should be required
to allow for the loss of strength through vibration and corro-
sion of such extremely thin metal.

Tests of small samples of the metal envelope, including
riveted joints, have shown a gas-tightness from ten to a hundred
times greater than rubberized fabric; but here again, experience
with an actual ship is required to prove what can be done in
practice over the great area of an airship envelope, exposed to
the weather and varying stresses and vibrations.

The experimental metalclad airship being constructed by
the Aircraft Development Corporation is of about 200,000 cu. ft.
volume, 150 ft. in length, and 53 ft. maximum diameter. In
appearance it closely resembles a nonrigid airship. It is also
like a nonrigid airship in having no subdivision of the gas space.
The size of this airship is too small to take advantage of the
weight saving theoretically possible through the use of duralu-
min sheet instead of rubberized fabric. Its skin of .0o8 in.
thickness is as thin as it is practicable to make, although its
strength is ample for a much larger airship. Such an airship is
much more liable to come to grief through lack of pressure than
from excess of it.

The theoretical disadvantages of the metalclad rigid airship,
apart from practical troubles which may yet develop in con-
struction and operation, are the inaccessibility of the structure
inside the gas space, and the dependence upon pressure to an
éven greater extent than the conventional pressure airships.
Loss of pressure will cause a fabric envelope to wrinkle without

damage to itself; but wrinkles in a metal envelope would prob-
ably produce serious tears, if not complete destruction.

Subdivision of the gas space can probably be effected with-
out difficulty in large metalclad airships; but the subdivision
will not be such a safeguard as in the pressureless ship, because

Structural integrity requires the maintenance of pressure even
in a cell from which the gas is lost,

e
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MEeTALCLAD AlrsHIP 3/C-2

General Dimensions

i Gas capacity. ... .. ST P T 20C, 000 ClL. {t.
Miax ballonot CEPGTITT v cvsvrasrensnraasrnravensisscasvoeses 55,000 Cu, it,
Lengthof hull......... R, . 150 {1,
Max. diam. of hull 54 ft
Length ol €ar. .o vvetiiriiiie it et eeiiiennenersasannans 24 ft.
Widthof car. . v eini i i i il e e e e 8.5t
; Thickness of skint. . cu e rii e e e i e Lood in,
H Lateral finarea.......vvivven.nn. seveaaenay dovennirnn ey 250 sq. ft.
X Total clevator AXe8. .oy ciitiivene verurtnnnnisnnnsionsasnnes 150 sq. ft.
Top and botlom fin ATEA... serviirriiierninirneiirennssnnns 340 sq. ft.
Total rudder Area. ..o vv it iieiier i s i rr e oo sg. {t.
Total fin and control surface. . ..vvoviiviiiinriiiieiiinainany 860 sq. {t.
v Power (at 1,700 LD ot v ieinvnannses shiean e 400 Hp.
=1 ; Two Wright 200 {ip. *“J-4”" air-cooled radial engines
é:ﬁ% - l Duralumin propellers (two-bladed)
3§ AL —
833 3 :
R SR Estiinated Performance
‘g S L Helium Hydrogen
& / IS 38 o Gas Unit Lift (o62lb./ft3)  Loo®ih. /ity
/ 2! 3 §§é & = i Grosslift. ..o 12,600 lbs, 13, %0 lus,
e ] k& £§§,§ o , Useful lift: Crew (4) . oo vveriier e i cervennnnenns 750 lbs. 750 lhs,
I 3] = Ay _5 Passengers (6)eeeuveveverennneannrees 1,100 Ibs, (x0) ¥,000 ibs.
X § R B 3 axld ................................ 1,500 {bs. 1,500 lbs,
By e 200 1bs. 200 Ihs,
I >3 g»g 3 g TP 250 lbs, 780 s,
| 2 3 §’ ‘{;}1 B Weight empty .o e e et i e i iieeniiena s 8,700 lbs, 8,700 'hs.
. By 88 . ] Commaercial range (with 4 crew aand passengers or
. 1N Y 3 ! : .
\ ! ?L!:‘ Sy 2§ A% & Sy Cargo).. .. ..ouse F 720 mi. *1, 200 mi.
T E § g ; < Maximum range (with 4 crewonly)....... ... 1,200 mi. *2, 200 rai,
\ ! 1 iék“% 2‘5 VAEE . i . Maximum speed (400 Hp).oooov oo, 70 m.p.h,
3 ....._...l,..,,*..._lc,-.,\é: s TS ‘g' \?rux_sing.s.pccd (200 Hp.g. et e et 53 m.p.h.
~\ Vs S A N & Staticceiling. ... .o e 8,000 ft. 10,000 ft.
R 1o AR g
§ \\7———-—\-—4-—\; = iy =3 “E [N * Based on partial use of hydrogen fuel.
TN 3 T B
AR 2R Ei ‘ o . .
S ST BB ' . The future of rigid airships. The great outstanding merits
L ] 1 .« . . »
sﬁ" N N §£ : of the pressureless rigid airship over all other types are:
PO
(<] . .
N 2 (6) Permanence of form, independently of internal pressure.
g\;é c%‘ (b) Subdivision of the gas space so that one or even more cells
23 S= i may be completely deflated without detriment to the air-
};g‘ ! worthiness of the ship.
\FE

" (¢) Accessibility in flight to the structure and to the surface of
the gas cells.

These three qualifications appear to be almost vitally neces-
sary for large airships intended for long voyages; and there is at
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present no indication that they can be realized in any other
‘type. Other advantages are: ,

(d) The ease with which gas cells and power cars may be re-
moved and replaced.

(¢} The strong structure of the bow, which makes the rigid
airship suitable for high speed and for mast anchoring.

(7 The slow rate of loss of gas through holes in the fabric
because of the low pressure.

(g) Safety in electrical storms through absence of rubber in the
outer cover, and freedom from the electrical condenser
effect which may occur in rubberized fabric,

{#) Minimum trouble from superheat because of the circulation
of air between the outer cover and the gas cells.

Against these advantages may be set the following faults:
{a) High cost.
(0) Impossible to dismantle and store or transport for re-
ercction,

(c) Weakness of the single ply cloth used for the outer cover
and gas cells.

The future development of airships is likely to show con-
tinually increasing dimensions, just as in the development of
stcamships. In both air and surface ships, the endurance and
habitability improve with size. Strength to resist storms and
squalls, such as destroyed the Shenandoak, scems certain to be
attained; and undoubtedly smaller ratios of length to diameter
will assist greatly in securing better longitudinal strength with-
out increased weight.

The accessibility to all parts of the ship will be improved;
and with increasing size, it will be possible to use heavier fabrics,
more durable and less easily torn than those now employed.

If the practical difficulties of constructing and maintaining
the metalclad airship can be successfully overcome, and its
theoretical possibilities in the way of weight saving realized,
it will undoubtedly have an important field of usefulness in

PO
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spite of its apparently inherent disadvantdgcs of inaccessibility,
and dependence on gas pressure.

Cheoise of type. The question of the best type of airship
for any particular size or use is highly controversial; and every
designer has his own convictions on the subject, It is generally
conceded that the pressureless rigid airship is not efficient for
sizes below about one million cubic feet volume. For smaller
sizes, some type of pressure airship is required. It is a curious
fact that the only thoroughly satisfactory fabric ever developed
for the envelopes of pressure airships is three-ply rubberized
cotton cloth weighing about 14 oz. per square yard, and having
a mean breaking strength of about 8c lbs. per inch.  This fabric
1s sufficiently strong for circular sectioned nonrigid airships up
to about 2¢c0,000 cu. {t. volume. From 200,000 to 1,000,000 cu.
ft., very nearly the same fabric is used, and in order to maintain
the stresses constant as the dimensions increase, the designer
resorts to increasing complexity of construction, substituting
internal suspension and multi-lobe cross-sections for the simple
circular sections of the smaller ships, and reducing the necessary
gas pressure by increasing dependence on rigid members through-
out the range of progress from the simple nonrigid types through

-the gradations of semirigids, approaching more and more nearly

to the rigid type as the size increases.



CHAPTER 1I
SIZE AND PERFORMANCE

Procedure for Preliminary Estimates of the Size and Horse-
power for a Given Performance

The initial step in designing an airship that will have the
desired speed, endurance, and capacity for carrying a specified
military or commercial load, is to make an approximate calcula-
tion of the size and horsepower required. The first published
description of the following procedure was given in the National
Advisory Committee for Aeronautics Technical Note No. 194.

The relation between horsepower, speed, and size may be
conveniently stated by the expression:

V23 o2
T 50K

Hp.

where
Hp. = horsepower
v = speed in ft./sec.
p = density of the air in slugs/ft.3
(1 slug = 32.21bs.)
V = air volume of the ship in ft.3
§50 = the number of ft.lbs./sec. developed by one Hp.
K = a non-dimensional coefficient depending upon the pro-
peller efficiency and the design of the hull and its
appendages :

K is thus a measure of the overall propulsive efficiency of an
airship, including both the resistance of the ship, and the pro-
peller efficiency.

The total weight of an airship and its contents may be divided |

into five groups, as follows:
12
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(1) Air and gas

(2) Fixed weights exclusive of power plant, power cars, and
fuel system

(3) Crew, stores, and baliast

(4) Power plant, power cars, fuel system, and fuel!

(5) Specified military or commercial joad

The weight of a cubic foot of air in the “standard atmos-
phere”? (i.e., temperature 60° F, and 29.92 in. barometric pres-
sure) at sea level is .07633 lbs.; and 07635 times the air volume
of the airship is defined as the “standard displacement,” D, in
pounds. It follows that:

D op?
Hp. = o K.

For the purpose of the preliminary estimates, items (1), (2),
and (3) arc assumed to vary as D, and are expressed as fractions
of D. More accurate means of computing the variation of the
weights under item (2) with size are described in the section
on Normand’s equation (page 20). Item (4) is assumed to be
proportional to Hp., and is expressed as a fraction of DA,
Items (4) and (5) together take that fraction of D remaining
over from iteras (1), (2), and (3).

Problem 1. Find the volume and horsepower of a rigid air-
ship to carry a military load of 15,000 Ibs. at 6o knots (101.3

helium lifting .064 1b./ft.? (9497 pure), in the standard atmos-
phere.
Since the hull is specified in the conditions of the problem

~ to be 857, full of gas, the weight of the air in the hull is 1577 D;

and the weight of the gas is 850% D multiplied by the difference
between the weight of air and the lift of gas per unit volume, and
divided by the weight of air per unit volume. The total weight
of air and gas is thercfore given by:

———

* The welght, hersepower and other characteristics of American tvpes of aircraft enygines are st
fash in “Alremafy Powor Plants,” & volamie of iird Aoudid Acitnadiind (i g, .

3 Stapdard atmosphere nud.ascensional force of gases are treated fully in “Aerostatien,” s volume
of the Rorald Aeromautic Library.
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Air and gas = .15+ .85 (.07635 — .064)/.07635] X D
= 288 D

From existing data, the fixed weights exclusive of power

plants, power cars, and fuel system equal .3 D, and the crew,
stores and ballast amount to .o55 D. ) ‘500000
There remains for power plant, fuel, and military load " 100 : 160000
(1~ .288—.30— .055) D= .357 D ¢
Assuming the weight of the power plant and its cars to be K'ZSOOQO
8 1bs./Hp. and the weight of the fuel and fuel system to be .6 Ib. . -90 v 1495000
per horsepower hour, the total weight of power plant, f{uel 3’\4900 000
system, and fuel is {84 (6 X 60)} Hp. = 43 (Hp.). Combining . 39’ 00000
this with the military load, 80 ;laooéoo 120000
15,000+ 44 (Hp.) = .357 D (r) - \ 7oo|oon
Suppose that from existing data on similar ships, K = 63.5. 1o
Hp. = (x01.3)* X 00237 X PSS fno \. 600000 100000
' 99 X 63.5 : 500 000
= .39 D* (2) g 2
Combining equations (1) and (2) » - 60 X400 000 Boont
g ¢q 1
D - 48 D* = 42,000 3 ' v\o
~ The problemn of the size required for a given performance , ‘:Xaoo 000 )
will always reduce to an equation of the form of (3), which may -S0 \ 60000
be expressed genera.lly.D PR \)gi 00000
. 40000
The solution for any particular values of 4 and B may be ob- [40 \\‘ ?
tained from the charts (Figure 5 or 6) by laying a straight edge 00 000
across these values of 4 and B on the scales at the left and right
hand sides of the chart. 30 :\y 50000 o
In this problem, 4 = 48 and B = 42,000, and from the -
chart (Figure 5), D = 215,000 lbs., and the air volume = 215,000/ .
07635 = 2.820,000 ft.} D?*P = 3,6c0, and Hp. = .39 X 3,600 = =20 0

1,410. . Figures. Cuveci D~ 432 =B

Effect of increasing the speed. Problem 2. Find the
volume and horsepower of an airship to fulfill the same conditions

Seare oF B
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as in Problem 1, except that the speed is to be 70 knots (118.2
ft./sec.) for 60 hours. '

, Ho. = (118.2)* X 00237 X D*
. a 99 X 63.5
+30000] TR : = .62 D*3 and by combining with equation (1),
X—eéooo 8000+ ‘ ‘ D — 76,5 D*? = 42,000

‘0 i From Figure 5, D= 570,000lhs. D = 6,600
heee Air volume = 7,470,000 ft.3
35 XGOCDO 70004 : Hp. = .62 X 6,900 = 4,200

R LR

50600 S This example shows the great cost of increasing the speed
! ’ while maintaining the same hours of endurance at the higher
”&40000 000- ‘ ' speed. On the other hand, the maximum speed could be quite

| easily increased to 70 knots, if the average cruising requirement
25 ',L\ 30000 * - remaing 6¢ hrs. at 6o knots.

%\ 5000~ ' The horsepower at 6o knots is only 63% of that required for
< 70 knots, and the weight of power plant and fuel per horsepower
(20p00 is therefore 8+ (.63 X .6 X 60) = 30.7 Ibs. The fundamental

20, : i
2 \ 4000 ; equations are therefore:

[5;]

Scatr or A
530,
ScALE oF B

\ 15,000+ 30.7 (Hp.) = .357 D
15 A\ 10000 ' 3000~ ‘ and Hp. = .62 D*#, whence
\ - . D — 53.3 D*B = 42,000
D = 260,000 lbs. DP? = 4080
10 \, 8000 2000 . Hp. = .62 X 4,080 = 2,530
4000 1 B - Air volume = 260,000/.07635 = 3,400,000 ft.?
D000

"\xb ‘ Effect of reducing the structural weights. The method may
000 1000- be used also to find the extent to which the size may be reduced
\5»1000 by structural improvements, as follows:

et P

- E " Prablem 3. Suppose that by an improved design, the struc-
-0 Ot ' tural weight can be reduced 109 in comparison with the con-

Figure 6. Curveof D~ AP = B Z ditions assumed in Problem 1. The fixed weights exclusive of
power plant, power cars, and fuel system become .27 D, and
assuming as in Problem 1 that 6o knots is required for 6o hours,

o gk

g o " N N N e Ty, e
LI Aty ATy N U v D L oo O S T TN e L R CR e e SRR P A 2 R P R
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15,000+ 44 (Hp.) = .387 D
and Hp. = .39 1%, whence ‘
D~ 44.4 D*8 = 38 800
D = 180,000 lhs, 1?13 = 3,200
Air volume = 180,000/.07635 = 2,360,000 ft.3
Hp. = .39 X 3,200 = 1,250
By comparison with the results of Problem 1, it is found
‘that a 10%, saving in fixed weights exclusive of power plant,
permits a 169, reduction in volume and 11.39, in horsepower.
A 10%, improvement in the resistance coefficient may also
be tested in a similar manner. Repeating the conditions of
Problem 1, let X be increased by 10% from 63.5 to 69.9. Then:
Hp. = .355 I
D= 4375 PP = g2000
D = 185,000 Ibs. 26 -. 3,250
Air volume = 185,000/ 07635 = 2,420,000 ft.2
Hp. = .355 X 3,250 = 1,150

Effect of altitude. 1If it is required to operate at a high
altitude, the conversion factor, air volume = D/.07635, still
holds, but in estimating the weights, the allowance made for
air and gas must be increased, as in the following problem.

Problem 4. Determine the volume of a nonrigid airship
to carry a military load of 1,000 lbs. at 4,000 ft. altitude at

50 knots (84.5 ft./sec.) for 10 hours, Ship to be inflated with -

hydrogen which has a lift of .068 Ib./t5 in the standard atmos.
phere at sea level. Starting a flight at 4,000 ft. fully inflated,

correspends to 88,807 inflation at sea level; the weight of the
air and gas at sea level is

[122 4 .888 (07635 — .008)/.07635) D = .209 D

It may seem cumbersome to calculate the weight of air and
£as in this manner instead of correcting 0 for the altitude, but
it should be remembered that since the structural weights are
to be taken as fractions of D, it is important that D should
be taken as a constant fraction of the air volume

e

5w i
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From data on previous ships, the fixed weights exclusive of
power plant and fuel system equal .4 D, and crew, stores, and
ballast amount to .1 D. There remains for the powurr “‘plu.nt,
fuel, and military load (1 ~ .209 — .4 — .x) D= .zg1 I\ l aking
the weight of the power plant as 6 1b./Hp., and the wcxgh.t. of
the fuel, oil, and containers as 0.6 1b./Hp. hr., the total weight
of power plant, fucl, and fuel systenrf isf6 + (1o X .6)] Hp.= 12
(Hp.), and the following cquation is obtained:

1,000+ 12 (Hp.) = .291 D
From existing data, K = 40.0, and at 4,000 {t. altitude,
p = .888 X .00237 = .oc21 slugs; therefore,

(84.5)° X 0021 X DP3
N 99 X 40
= .32 P8 _

Combining these equations as before,
D— 132 P8 = 3,340
From Figure 6, D = g,100 lbs. PR = 433
Air volume = 9,100/.0763% = 119,000 ft.?
: Hp. = .32X 435 = 139

Commercial load on a given airship. The method may also
be used to find the military or commercial load which can be
carried by an airship of given size at a given speed and endur-
ance, as follows:

Hp.

Problem 5. Find the commercial load which can be c;n'ric.d
by a rigid airship of 5,000,000 ft.3 air volume, at 4,000 ft. alti-
tude, inflated with helium lifting .064 Ib./ft? in standard atmos-
phere at sca level, and having a speed of 70 knots an.d an en-
durance of 24 hours. Given K = 63.5; and fixed weighis ex-
clusive of power plant = .3 D; crew, stores, and ballast = .05 2.
Power plant = 8 Ibs./Hp., fuel = 0.6 1b./Hp. hr., whence total
weight of power plant and fuel = {8 + (.6 X 24)] Hp. = 22.4 (1Ip.}

D = 07635 X 5,000,000 = 382,000 lbs.

. v 15V 4 '(’{
Assuming that when fully inflated the gas cells occupy 0575
of the air volume, the volume of gas when 88.8% inflated at sea
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level (to allow for 4,000 {t. altitude) is .95 X .888 = 844 times
the air volume, and the weight of the air and gas is .
[156 +.844 (07635 ~ .064)/.07635] X D = 203 D
Hp. = (118.2)* X .co21 X {5,000,000)27%
550 X 63.5

= 2,900

The total weight of the power plant, power cars, fuel, and

fuel system is 22.4 X 2,000 = 65,000 lbs. The weight available
for commercial load is

382,000 (1 — 293 ~ .3 ~ 05) — 65,000 = 71,500 lbs.

. Application of Normand’s Equation to Estimating the Sizes

and Weights of Airships

- The previous section dealt with a method of first approxima-
tion to the required dimensions of an airship based upon the
assumption that the total fixed weights, exclusive of the power
plant, are a definite fraction of the ajr displacement. A more
exact and detailed method will now be described. This method
is based upon J. A. Normand’s? approximate formulas for
estimating the characteristics of vessels from a weight equation
expressing the total weight of the ship as a sum of weight groups,.
each given in terms of the independent variables involved in the
design. .

The application of Normand’s equation to airships was de-
scribed by Comdr. J. C. Hunsaker in his Wilbur Wright
Memorial Lecture to The Royal Aeronautical Society, 1920,
published in The Aeronautical Journal, July, rgzo.

Normand's equation is the sum of the weight groups, ex-
pressed as follows:

WaWitWs+ We+ete. = W35,
where each term W is expressed as a function of the principal
¥ Formules Approximative de Construction Navale, Paris, 18740
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clements of the design. The typical member of the weight
equation is of the form
Wz = KL* D¥ o* §*, etc.,
where L and [? are the length and dia.mctcr of the ship, :mfi
a, B, etc., are other variables entering with exponents, z, w, etc.
By differentiation,
AWz Wz = sAL/L + yAD/D + z/5afa + etc.

In the problem of determining the characteristics of 'a new
airship from data on existing ships, it is 11§ually most convcmcnj
to begin by assuming variable volume with cqnstant foi'm, an
then,vif desired, the effect of changing the ratio 'L/D with cor;
stant volumc can be investigated. When L/D is constant,
may be climinated from all expressions for weight, and the
typical member of the weight equation becomes

Wz = KL*a*B>, etc. (1)
And AWgz/WWz = xAL/L + sAafa + etc.
But - W=KI, and
AW/W = 3AL/L
Whence,
AWz = Wz(xAW/3W + zAa/a + etc.) (3)
and AW = ZAWz = 1/(1 —~ ZxWg/3W)EWe(2Aa/a + etc.

= NZW; (zAa/o + efc.)

where N =1/(1 — ZaxlVz/3W) : {©)

When L/D is varied with constant volume,

AW/ Wz = xAL/L+ yAD/D, and

AW/W = AL/L + 2AD/D = o, whence
AW = ZAWz = (AL/L)ZWz(x — y/2) ()
Variation of the weight items with linear dimensions. The
manner of dividing the total weight W into the W groups is a
matter of tha individual chaoice of the designer. One mcthoq is
to consider the total weight in the air as composed of the follow-
- ing weight groups: .
A. Outer cover; complete with fastening, seams, dope, lacing,
and local stifening
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Gas bags; complete with slceves, appendages and fasten-
ings, but without valves
Longitudinal girders; complete including mains and inter-

mediates carridar ciructinra loo
meaiateg corrngor siructnra

T home atl ot et
, lecnl bow SUNCHINg, mooning

attachments, stern piece, but not attachments to trans-
verse members

. Transverse framing; main and intermediate transverses, to-
2

gether with connections to longitudinals, wire terminals
and attachments for car suspensicn

Shear wires; diagonal strength wiring to resist shear between
hull girders

Transverse wires; wiring of main transverses

Netting; mesh wiring and netting to distribute pressure of
gas bags to null framing, also axial wire, if any

. Fins and rudders; complete in place with covering, hinges

and quadrants, but not operating gear in ship

Hull fittings; mooring and handling tackle, valves, valve
controls, gas exhaust, and filling trunks, access ladders
and walkways, look-out stations, ventilation, rudder oper-
ating mechanism outside control car, reserve ballast

Machinery; all machinery weights and power cars including

engines, gearing, clutches, propellers, radiators, water and
auxiliaries not in the hull of the ship, empty oil and
gasoline tariks in cars, and piping in cars

Fuel; gasoline and oil necessary for endurance specified,

gasoline and oil tanks in hull, piping in hull, special sup-
ports for tanks ‘

Miscellaneous fixed weights:

Ly. Electrical; all electrical equipment except radio, but
including lighting, signal and interior communication
sets

L.. Crew; the normal crew necessary to operate the ship
with their food, clothing and conveniences

Gas and air in the ship

Independent weights; cargo, armament, radio, control car

with all gear installed, stores, ballast or passengers,
margm.

e
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Considering the weight groups, as above described, for air.
ships of similar general construction, that is, wil}} the same
number of gas bags and longitudinals, we may establish approxi-
mate relations between the weights and the principal dimcensions
and performance characteristics taken as independent variatzlcs.

The following independent variables are fixed by the desired
military or commercial characteristics:

V = maximum trial speed

v = cruising speed

¢ = hours endurance at cruising speed

0 = independent weights arbitrarily specified to be carried,
such as passengers, bombs, or cargo

In addition, the following independent variables must be
assumed by the designer as his estimate of the state of the art:

6 = unit weight of outer cover

b = unit weight of gas bags

¢ = unit consumption of engines at speed »*
¢ = efbciency of propellers and gears

J = allowed fibre stress in structural material
m = unit weight of machinery installation

r = resistance coefficient

The dependent variables are:
L = length of ship
= diameter of ship
W = total weight of ship {displacement)
A = Dbending moment ,
The variation of cach group with the lincar dimensions and
the independent variables must be considered in detail.

A, Outer cover. The weight of cuter cover complete with
seams and lucing Is proportional to the unit weight of material
and to the area covered. The area is determined by the lines
of the ship and the principal dimensions, L and D. The total
area of the outer cover is proportional to XLD where & is a
coefficient depending on the form of the ship, and very nearly



24 AIRSHIP DESIGN [{Ch-z Ch. 2} SIZE AND PERFORMANCE 25

constant for ships of good form. The weight of outer cover is,
therefore, kaLD, or considering & truly constant:
Wi~ alD

B. Gas bags. The gas bags, assumed of constant number,
require an area of fabric of weight Wy, for the circumferential :
portions proportional to the area of cuter cover or to LD. In

Acrodynamic shear ~ L3 DA V32
Aerodynamic M ~ LY DAB V2

A for aerodynamic M ~ L¥D'R V3/f
Woa ~ [38 DV3 V3/f

For the gas pressure loads on the longitudinals, let:
w = Joad per running foot on any girder
i = moment of inertia of girder section

e A AT A AR S

addition the ends requirc an area of weight W, proportional to R d = depth of girder section
{7. Examination of returned weights from actual ships shows ? = gas pressure at girder
the two portions of the total area of gas bags are very nearly m = maximum bending momentingirder
equal. Then: " A = sectional area of girder
W1~ BLD and W g4 ~ BI?, where | Then:
Wa=Ws+ Wp ; w~pD ~ I
s X \ . : ! m ~ wl? ~ DL}
. C. Longitudinal girders. The weight of the longitudinal : f~mdfi
g1.rder5 may b‘e divided into four parts, corresponding to four j Suppose d ~ D, preserving geometrical similarity. Then:
different functions of these members. The division is as follows: d D 1
Wer = that part of the weight of the longitudinals i T ADTAD
devoted to resisting the static bending moment DL}
of the ship A~

Wes = the part of the weight devoted to resisting the

1 ~ e~ J3D
aerodynamic bending moment The weight ~ AL, or Wes ~ L3D/f

i : ot longitudinal girders occurs in the
The end load may be either tension or compression, but the A fourth function of the longi &

T A B ST IO G S DR T P
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i : i ‘hich : 3 idge to ¢ the concentrated loads
girders are always amply strong for any tensile force which j C?r?d?f “i]llc}t;a;itsst ?e:.wtt):::bfheor:;;yframes This function
may come upon them, and the maximum compressive load must ; ob tush and Du . . A ,
‘ iter] ; . . may be considered as involving loads varying in the same way
, be taken as the criterion for design purposes. The girders are X y ) S bond: v on:
E of such low slenderness ratio that failure as long columns 1 as those due to the static bending moments, or:
i need not be considered. ? Wee~ L“’D./f .
: P = end load in any girder b Summarizing the weight of t.he longitudinal girders,
: i : ‘ We=Wa+Wes+ Wait War
: 4 = sectional area of girder ¢ o 3 )
; : (Wer + Wes + Wes) ~ DDff
V = My/I, and H Wy ~ LDV
P =j4 = MAy/SAy . ! : ' .
; Static shear ~ LD?, and . In practical problems it may be necessary to make some
: Static M ~ I*I? and y~ D estimate or assumption as to the magnitude of the fraction
4 for static M ~ L*D/f Wee/We (i, the fraction of the total weight of the longitudinals

Wei ~ L:D/f devoted to resisting the aerodynamic bending moment).
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D. Transverse framing. The most severe load on a main
transverse frame is due to the tension in the transverse wiring
caused by a deflated gas bag or excess piessure in one bag. The
miean mtensity of cfiective gas pressure is proportional to D, the
area of gas bag supported by one wire to D?, and the total side
load ¢ on that wire to 5.

Let g = sectional avex of wire
E = modulus of elasticity of wire
T = tension in wire
P = compression in frame
Since T* = Esg?/24, where T/a and E are constants,
¢g~DPand P~T
and since W p, ~ PD/f
Wpy ~ DYf

The intermediate frames, if any are fitted, are put in com-
pression by the shear wires, and in bending by gas pressure.
Consider the former as the more important; then the shearing
force at any section is proportional to the volume up to that
section or to LD’ The tension in the shear wires is proportional
to the shear, and the load P thrown into the transverse frame
by these wires is expressed by

P~ LR
Wes ~ PD/f ~ LD/S
and Wp = Wpy -+ Wps

E. Shear wires. The area of shear wires cut by any
cross-section of the ship should be proportional to the shear or
to LD®. Their weight will then be:

Wg ~ L’Da
F, Transverse wires. These have been considered with
Wp. Therefore, Wr ~D*

The unit stress in the material of the wires is assumed con-
stant and does not appear.

# Froof of bis formula 18 givea in Chapter VIIL
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G. Netting. The gasbagnetting and meshwiring support, per
foot length of ship, a unit gas pressure proportional to ), and
an area of bag between longitudinals proportional to D, or a
load per foot rum of ship proportional to D% The weighi of
netting per foot length of ship should then vary as %, and the
weight of netting for the whole ship:

Wa ~ LA

H. Fins and rudders. The necessary area cf fins and
rudders is found from experience to vary as LD for ships of usual
form. The unit air pressurc-on these surfaces varies as V3, and
the weight (for similar structures) is therefore:

Wg ~ (LDp2Y?

I. Hull fittings and reserve ballast. Assume these weights
vary as the displacement. Then:

' Wi~ LD

J. Machinery. To a first approximation the resistance to
propulsion is represented by:
R = rL2BDABY?
where r is an aerodynamic coeflicient dependent on the lines of
the ship, and but little changed by small variations in the ratio
L/D. The power required is then:
J = RV/e = (r/e)L2ADH0YA
and the total weight of machinery:
Wy =m] = (mr/e) (ARDABYS
K. Fuel. The weight of fuel and oil, including necessary
tanks, is directly dependent on the consumption of the engines,
the power and endurance (at cruising speed) assumed.
Wg = cJi = (ctr/e) L2 RDARY
‘L. Miscellaneous. Under this head for convenience are
grouped weights necessary for the ship as a useful and manage-

able craft, but not altogether proportional to its size, com-
prising:

T N U
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Li. Electrical apparatus for lighting and signaling
La. Crew and their effects

The above weights are naturally greater for larger ships, but

do not increase so rapidly as the displacement. They are ouly

partiaily under the control of the designer. It seems reasonable
to assume that:

Wy~LD
M. Gas and air,
Wy ~ LIR

Independent load. Finally, we have those weights which
may be arbitrarily fixed without reference to any other character-
istic of the ship, such as cargo, radio, control car, passengers,
bombs, margin, etc.

Wo ~ (LD)° = 0, a constant

When L/D is constant, the foregoing expressions for the .

variation of the weight groups may be reduced to the following
simplified forms: ’

H’A ~gl} H/u (ad L‘.’V’

Wy ~bI2 Wi~ 13 :
(Wer+ Wes+ Wey) ~ Lyf Wi ~ (mr/e) LTV3
Wea DVYf - W~ (ctr/e) L%
Wp ~ LYf Wy ~ 12

Wg ~ L8 Wi~ I3

We ~ I8 Ws ~8

IV@ ~~ L‘

The coeflicient ¥ determines the amount by which the size
and weight of the ship will be changed by variation of any one

weight or performance characteristic, when keeping the other
characteristics constant.

Numerical example on Normand’s equation. The practical

application of Normand’s equation may be illustrated by the
following example:

R
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With a design of an airship of the Zeppelin L-49 type as a
basis, it is desired to find the effect of the following proposed
alterations:

{(a) Increase the bomb load by 2,000 Ibs,

(b) Use a stronger outer cover 25%, heavier

(¢) Reduce weight of transverses and longitudinals 157, by a
new type of construction -

(d) Increase the speed 5%,

(e) Reduce L/D from 8 to about 7

The principal dimensions and characteristics of the given
airship are as follows:

L4
Length..ooviiiirniiiiinee, 643 ft.
Diameter. . ovierinnineneann.n 78 ft. 8 in,
Volume. o veviiiininnnenoennn 1,040,000 cu. {t.
Gross ift. . .....ociniineonn . 129,800 tha,
Air displacement............... 164,000 lbs,
Muaximum speed............... Go m.p.h,
Cruising speed..oovvvven i, 45 m.p.k.
Total BHp...o.covviiv ol 1,200
B.Ip. at cruising speed......... 6o
Fuel capacity. . .....coooiinane §35,000 lbs,

Calculation of the coefficient N. The first step in solving
this problem is to calculate the coeflicient ¥, defined in equation
(6). The total change in displacement for any given modifica-
tion in the performance characteristics is proportional to N,

From equation (6) and Table 1,

N = 1/(x = ZxWz/3W)
= 1/(1 — .8266)
_ = 5.76
To carry the additional 2,000 lbs. of bombs without loss in
other characteristics, the displaccment must be increased by

AW = NAG = §.76 X 2,000 = 11,520 lbs.



30 AIRSHIP DESIGN {Ch. 2

TapLe 1. CALCULATION OF N FOR A RIGID AIRSHIP OF THE TYPE
OF THE I-49 :

Item Symbol | Weisht | sWalsW

Outercover.................... W 3,900 2 0158 -
Gascells............oiiian... 147 §, 860 2 .0360
Longitudinals. ................. Weit We 5,330 4 L0434
Longitudinals.................. Wer 2,070 3 o163
( omdor ....................... Wes 3,000 4 .0244
Transverses, main. e Wn 5,200 4 .0423
Transverses, mtermcdntc ....... Wm 2,450 4 .0200
Shear wires. .. ..vvveininnnnn.n. We 1,140 4 L0003
Transverse wires, , . ....vunee... Wr 1,100 4 L0000
Netting and axial wire.......... Wa 2,200 4 0184
Tail surfaces.. .. eniuereennon... Wn 1,300 3 L0110
Rallass, fitting, and controls .. ... Wi 9, 500 3 .0§50
Powerplant. . ........cooven., W, 12,000 2 .0438
Fuel and tanks.....cevueeo.. ... Wk 58.990 2 .2400
Misccllaneous. ., ... e etenanaa. Wi 6,000 2 L0244
Airandgas..........oounnen.. Wi 34, 200 3 L2085
Armament, radio, and control car Wa 5,600 o o
164,000 | ZxWz/3W =.8266

Similatly, the heavier outer cover requires that the displace- -

ment be increased by
AW = NW., Ac/a
= §.76 X 3,900 X .25 = 5,620 lbs.

The saving due to 159 less weight in the longitudinal and

transverse structural framing is given by
AW = — a5 N (We + W)p)

= — .15 X 5.76 (5,330 + 2,670 + 3,000 + 5,200 + 2,450)
= — 16,100 lbs.

The 5% increase in speed requires more powerful engines
and stronger longitudinals and tail surfaces. It is assumed that
the cruising speed remains unchanged, so that the weight of

fuel is changed only as required by the increased size. The in-
crease of displacement is given by
AW = N(AV/V) (2Wer + 2Wa + 3W,)
Note that: Wer ~ V7
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Wa ~ V3
Ws; ~V1V
AW = 5.76 X .05 {(2 X 2,670) + (2 X 1,800) + (3 X 12,000)]
= 12,660 lbs.
The total increase of displacement required by the four
items @, b, ¢, and d is
11,520 -+ 5,620 = 16,100 -} 12,060 = 14,000 lbs.

The new air displacement is 164,000 + 14,000 = 178,000 lbs.

The weight statement for the new ship is obtained by operat-
ing on each weight group’in accordance with equation (5). The
following table is obtained by these operations.

NEw WEIcHT STATEMENT AFTER CHANGES

. Change of New
Itera Symbol Weight Weight
Ibs. ibs,
OULEr COVET. vevivuveirvns e rinreannns Wa 1,108 5.008
Gas cells Wa 508 9,363
Longitudinals AWa + Wal  ~ 193 50137
Longitudinals Wea - 04 3,764
Cotridor. . vttt v erae e s crene Wes - 109 2,991
Transverses, Mmain.....ovvvsuvnrenennennn. Wn - 183 5,012
Transverses, intermediate. ...ooovvvrenennn. W ~ 39 12,361
Shear wires.......vvennns e erteereneneaas Wx 130 X, 270
Transverse Wires, .. vvvueevereeerenraennas. We 135 1,233
Netting and axial wires, covvvvvrnsineeneene) Wa 258 2,518
Tail surfaces. oo vrvvenviviinsrseeennnnens ¥a 354 3, E34
Ballast, httmgs, and contmls. reeee e Wi 810 10,310
Powcrplant . Wi 2,430 14,450
Fueland tank. .. .ennnnnnnonsnoniononens Wx 31300 02,350
\hsccllnneous We 342 G342
Gas and air. W 2,910 37,120
Armament, radio, aad control car. .l We 2,000 7,000
, ‘ 13,977 | 177.077
173,000
IDiscrepancy! —-23

The change in length or any other lincar dimension is given
by
ALJE = AW /3W = 0284
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The new length is 661.3 ft., and the new diameter 8o.g ft.

Effect of changing the form. In the foregoing example the
slenderness ratio, L/D, was assumed to be constant. Consider
now the effect of reducing L/D from & ta 7 by taking xo77, off I,

,

and adding 59 to D. The first step is the computation of Z Wy

(x— y/2) as in the following table.

Carcuration or Wz (x — 3/2) ¥or L-ag Tyer

Weight | We(x—y/2
Item Ihs, = Y (lbs. ¥/a)
Outer coVeT. .o vt iivinn el 3,900 1 1 1,950
Gas bag sides. ,.....covvuinnnnn... 4,430 x 1 ’ -.21{
Gasbagends.......o.o0vvvvnnnnn.. 4,430 o 2 ~ 4,430
Longitudinals. . ........ ..ol 5:330 3 I 13,325
Longitudinals. ..................... 2,670 8/3 1/3 6,675
Corndor. . ..o uiiiri i iiee e, 3,000 3 1 7,500
:I:mnsvcrscs, LU FU D 5,200 o 4 — 10,400
Pransverses, intermediate. . ..., ..... 2,430 X 3 -~ 1,225
Shear wires. .. oovvieiiiee e innnnn. 1,140 2 2 1,140
Transverse wires. . ......eeveuen .. 1,100 o 4 - 2:100
Netting and azial wire. .. .. 2,200 1 3 - 1,130
Tail surfaces. . 1,800 14 i 1,350
Ballast, ﬁumgv., and controls. ] 9,500 I 2 °
Powerplant. . .. .......... <v..] 12,000 2/3 a/3 o
Fuel and tank.,. 58,900 2/3 4/3 o
Miscellancous 6,000 2/3 4/3 o
Armament' etc 5,600 ) ] o
Gasandair.........ooveveeen..., 34,200 1 2 o
164,000 14,770

By equation (7), the saving in weight due to the change of

form is given by: )
AW = (AL/L)ZW z(x — y/2)
= —.10 X 14,770 = — 1,477 lbs.

Suppose that in addition the change of form reduces the
resistance coefficient by 2%,. This permits the displacement to
be reduced by

AW = ~ .02 N (W;+ Wg)

= — .02 X 5.76 (14,480 + 62,350)
= = 8850 Ibs.

L
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The new weight statement for the airship of reduced fineness
ratio may be prepared in a manner analogous to the procedure in
the previous example with constant form.

Limitations to the use of Normand’s equation. It may be
noted from these examples on the use of Normand’s equation
that the value of IV is assumed constant throughout the calculs-
tions of the changes involved; whereas actually N must change
to some extent with changing characteristics of the ship. Ior
this reason, the method is not reliable when the change of dis-
placement is more than 25%,. For greater changes in displace-
ment, the method is not only inherently inaccurate, but there
are always such changes in design that the assumptions of pro-
portionality on which the computations of N are based can no
longer be considered to hold good.

Increase of size necec<sary to obtain the same performance
with helium as with hydrogen. If helium lifting .060 Ih./ft.3
is substituted for hydrogen lifting .068 1b./it3, the change is
equivalent to increasing the load by .008 1b./it.? of gas volume.
In the airship of the L-49 type considered in the foregoing
examples on Normand’s equation, this volume is 1,940,000 ft.2
and the increase in load is 15,500 Ibs. Given N = 5.76, the
necessary increase in displacement to maintain the performance
is theoretically 5.76 X 15,500 = 89,280 lbs., or 54.597. This
increase is so great as to be beyond the range in which Normand's
equation is accurate.

" Practical modification of Normand'’s equation. In the fore-
going examples of Normand’s equation, N = 5.76, whereas for
most types of surface craft, including such widely different types
as battleships, cruisers, and ocean liners, N wvaries from about
2.0 to 2.5. The comparatively large value of N indicates that
in the airship the performance improves less rapidly with in-
creasing size than in surface ships. On the other hand, it is to
be remembered that in this comparison, the atrship is handice pped
by such a large proportion of the useful load being devated to
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fuel which must be increased with increasing size. If the fuel
carricd by the L-49 type ship were reduced from 58,990 Ibs. to
28,990 1bs., and the military or commercial load correspondingly
increaced to 35 600 Ihs, N would be reduced to 3.36.

Another point to be remembered in favor of the airship is
that values of N for surface ships are based largely upen ex-

perience, and the greater part of the structural weights are

assumed in accordance with experience to be proportional to
L?, although by theory the longitudinal strength requires the
weight of the longitudinal structure to vary as L*, There is not
yet sufficient data available on the weights of airships of closely
similar design to determine N by short-cuts based on experience.
Undoubtedly, many of the weight groups which in airships are
theoretically proportional to L*, would in practice vary according
to some lower exponent of L, because of the opportunities with
ncreasing size to usc materials to better advantage.

Attempts have sometimes been made to show by curves
based on data from actual ships that the ratio of useful lift,
sometimes called the “static efficiency” increases quite rapidly
with size. This implies low values of N. The trouble with such
estimates from actual data is that they usually compare small
ships with larger ones of later date, so that the improvement in
static efficiency is not by any means all due to increasing size.
The small post-war Zeppelins Bodensee and Nordstern prove

that small airships of modern design can be given very excellent
performance.

Efficiency Formulas

Weight and propulsive coefficients. There are only two
performance factors in airships which can conveniently be given
numerical values suitable for incorporation in formulas express-
ing relative efficiency. One of these factors is the relation be-
tween volume, speed and horsepower, and the other is a function
of fixed weight and air displacement. The first factor may be
expressed by the coefficient X, defined on page 12. .

Ry
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The static efficiency, or the ratio of the useful to the gross
lift, is a fraction very commonly stated in performance data.
An objection to its use is that it depends upon the lift of the gas
uscd for inflation. It ia proposed to overcome this objection by
substituting the closely similar coefficient given by

D-Ww

C==—D

where D is the standard displacement as defined on page 13,
and W is the fixed weight, or weight of the ship empty.
The overail cfiiciency of the airship is expressed by:
BE=CK

Values of E, C, and K for various types of airships arc given
in Table 2.

Caution on the use of efficiency coefficients. It is much to
be regretted that the performance data on airships. is very
frequently unreliable. The reported speeds are especiaily un-
certain, and since E and K are proportional to the cube of the
speed, other things remaining constant, it is obvious that crrors
which easily occur in the observation of the speed cither by air-
speed meters or runs on a measured course produce scrious
errors in the efficicncy coefficients.

Aside from inaccuracies due to errors in the speed determina-
tion, the efficiency coeflicicnt cannot be considered as a truc
measure of the overall cfficiency of an airship. Reduction of
the weight of the structure or machinery increases the coeflicient,
although the apparent gain in performance may be a real loss
duc to reducing the structural strength or to increased fucl
consumption. Increasing the speed and power will usually reduce
the efficiency coefficient because the additional weight of ma-
chinery dininishes C without increasing K.

In spite of the frequently misleading character of the per-
formance or efliciency coefficients, they are undoubtedly of
value to the airship desigrer if taken with due caution and
regard to the other characteristics of the airships concerned.
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Effect of the Lift of the Gas Upon the Performance of Airships

There is much misunderstanding and confusion regarding
the loss in performance of airships resulting from decrease in the
lift of the gas, especially from the use of helium instead of
hydrogen. It is common practice in America to take the unit
lifts of hydrogen and helium as .068 and .o6o 1b./ft.? in the
standard atmosphere at sea level. Both units are conservative.
From these figures, 11.89, of the gross lift is lost by the use of
helium instead of hydrogen; but the percentage losses of useful
and military or commercial load are much greater because the
weight of the ship empty is a fixed quantity, and the absolute
losses of gross and useful lifts are therefore equal.

Let ¢ = ratio of unit lift of helium to unit lift of hydrogen
% = ratio of useful to gross lift with hydrogen
i = ratioof military or commercial load to gross lift with
hydrogen

i

Then the fraction of useful load lost by the use of helium
instead of hydrogen is (1 — ¢)/#; and similarly, the fraction of
military or commercial load lost is (1 — ¢)/m.

Example. In an airship inflated with hydrogen, it is given
that

% = .38
m = .20

Find the percentage losses of useful and commercial loads
due to the substitution of helium having 88.29; as much lift as
hydrogen.

Loss of useful load is (x — .882)/.38 = 31.0%,
Loss of commercial load is (1 — .832)/.20 = 50.0%,

A further loss in performance from the use of helium follows
from the necessity of starting flight with only partisl inflation
in order to avoid valving the costly gas as the altitude is in-
creased. With hydrogen, it is customary to start a long voyage
fully inflated, and gas is valved as fuel is consumed and the
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ship gains altitude. This disadvantage of helium may be
overcome through the use of coal-gas in ballonets filling the
waste air space, and used as fuel in flight.

Influence of altitude upon airship performance. Both the
gross lift and the resistance of airships are directly proportional
to the density of the air. The propeller efliciency is independent
of the air density, and therefore of the altitude, because at a
given r.p.m. the propeiler thrust also varies directly as the
density, so that the relation between speed and r.p.m. is constant.

Within the limits of altitude at which airships ordinarily
operate, say under 10,000 ft., the specific fuel consumption of
most engines with properly adjusted carbureters is nearly con-
stant, although the total power output, like the resistance of the
ship, is proportional to the air density with constant. speed and

r.p.m. It follows that to a good approximation, the total fuel ,

consumption is directly proportional to the air density.

The simple direct proportionality of the gross lift and the
fuel consumption to the air density makes the calculation of the
variation of performance with altitude a very simple matter,
depending only upon the variation of the air density with
~ altitude. For very accurate computations, regard must be had
to the fact that the specific fuel consumption at a given r.p.m.
is not quite independent of the air density.

Although at a given r.p.m. the speed is independent of the

altitude, many airship engines are designed not to be run with:

wide open throttle below a certain altitude, and airships fitted
with such engines cannot attain full speed below that altitude.
Above the altitude at which wide open throttle is permissible,
the maximum speed attainable is practically constant.

Since both the total fuel consumption and the aerodynamic
forces upon the airship vary as the air density at a given speed,
it Is desirable to fly as nearly as possible at the altitude at which
the gas space is 1009}, full, unless more favorab}e winds are to
be found at a lower altitude.
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Example. Given an airship in which the gross lift at sea level
is 125,000 lbs., the lift available for fuel at sea level is 30,00c {bx.,
the speed and fuel consumption near sea level, 6o knots and

001 hs, ner hans £, Tesnec h\rlu fnd the endurance at Ho knots

----- i  SLE RS

speed at 6,000 ft. altxtudc.

At 6,000 ft., the air density is 83.7% as much as at sea level.
The gross lift at that altitude is reduced by 125,000 (1 — .837) =
20,400 lbs., and the fuel capacity is reduced to 30,000 — 20,400 =
9,600 Ibs. The fuel consumption at 6o knots at 6,000 ft. altitude
is .837 X 500 = 418 Ilbs. per hour. The maximum endurance is
therefore ¢,6c0/418 = 23 hours, or 1,380 nautical miles.

Relation Between Fullness of Gas Space and Altitude to be
Attained

It is shown in another volume of the Ronald Aeronautic
Library® that aside from the effects of superheating, the volume
of the gas is inversely proportional to the density of the sur-
rcunding air. It follows that to attain any desired altitude
without loss of gas, the percentage fullness of the gas space at
the start of a flight must not exceed the ratio of the air density
at the maxinu.m altitude to the dcnsity at the point of departure,

Example. ¥ind the maxmum fuliness of the gas ceils which
will permit attaining an altitude of 10,000 {t., starting from sca
level, without loss of gas.

The ratio of air densities at 10,000 ft. and sea level 1s found
from the tables of “standard atmosphere” to be .738. The gas
fullness at the start is therefore IMtcd to 73.89%

Static ceiling of airships. The static ceiling of an airship in
any given condition of loading is the altitude at which lhc gas
space is 1007, full, with the ship w static equilibrium. The
maximum static cciling which an airship can ever attain is e-
termined by the ratio of the dischargeable weight to the gross
Lift at sea level. Let this ratio be . Then the maximum static
mauu." by E. P. Warner.
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ceiling is the altitude at which the ratio of the air density to the
density at sca level is 1 — z, for at that altitude the gas space
will be completely full, even though no dischargeable weights
remain aboard the ship.

Example. Find the maximum static ceiling in the standard
atmosphere of an airship in which the ratio of the dischargeable
weight to the gross lift at sea level is .35.

From the tables of standard atmosphere, the altitude at

which the air density is (x — .35) times the density at sea level
is 14,000 ft., and this is the maximum static ceiling of this air-
ship in the standard atmosphere.

Ballonet capacity of nonrigid airships. Nonrigid airships
must have sufficient ballonet capacity to permit of descent from
the maxmum ceiling without loss of the internal pressure upon
which maintenance of the form depends. Descent from the
maximum static ceiling requires that the ratio of the ballonet
volume to the total gas space equals the ratio of the dischargeable
weights to the gross lift at sea level. This is the ratio designated
z in the previous section on “Static ceiling.” The ballonet
capacity should be a little larger than necessary from static
considerations alone in order to permit of safe descent from an
altitude reached dynamically above the static ceiling.

If the ballonet volume is less than required by static or
dynamic ceiling conditions, the airship should never be per-
mitted to rise higher than the altitude at which the ratio of air
density to the density at the ground is less than one minus the
ratio of ballonet volume to the total gas space.

Example. Find the ballonet capacity required for sa.fe
descent to sea level from the maximum static ceiling of a non-
rigid airship in which the ratio of dischargeable weight to gross
lift at sea level is .25.

The ballonet capacity required is 257 of the total volume of
the gas space when fully inflated.

Example. Find the maximum altitude from which a non-
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rigid airship may safely descend to sea level, given the ballonet

capacity is 207 of the total gas volume.

The altltudx. at which the air density is (x — .20) times the
density at sea level is 7,500 ft., and this is the maximum altitude
from which the zursth can descend without loss of pressure.

1



CHAPTER III

VOLUMES, AREAS, AND LINEAR DIMENSIONS

Displacement or volume. It is customary to state the size

of an airship in terms of the maximum gas volume, or sometimes
a nominal 95% or 9o% of that volume. The gas volume is
obviously a most important quantity, because it determines the
gross lift of the ajrship. Of equal importance is the air volume,
by which is meant the total volume over the outside of the hull
or envelope and its appendages, including the cars and tail
surfaces. As a measure of the size of an airship, the air volume
has the advantage that it is a fixed quantity instead of a variable
like the gas volume. Aerodynamic calculations, including specd
and power, are properly based upon air volume, and not upon
gas volume.

In nonrigid airships, the maximum gas volume may be
practically equal to the air volume of the envelope; and the
cars and tail surfaces will usually not have a volume of more
than about one, or at most two, per cent of the total air volume.
In rigid airships, there are fairly large air spaces within the hull,
and the maximum gas volume is between 90% and 969, of the
total air volume. '

Areas of cross-sections. The first step in the calculation of
the air or gas volume of an airship is to determine the cross-
sectional areas of the air or gas space. :

Circular, or approximatcly crcular, cross-sections are
common in airships, and the area 4, of a section of radius R is
given by the familiar formula, 4 = = K% The cross-sections of
rigid airships are usually regular inscribed polygons of from 17
to 24 sides; the area of such a polygon of # sides inscribed in a
circle of radius R is given by:

42
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A = 2R (sin /n) (cos n/n)
The following table shows the ratio of the areas of r‘egumr
polygons of various numbers of sides to the arca of the circum-
scribing circle.

AreAs or RecurAr INscriBeD PoOLYGONS

n x/n sin x/n cos x/n A A/=R?
6.0° .5978 8090 2.36 R? .752

g go.o" .3420 .9397 2.88 R: o916

13 13.84° .2302 L9700 3.02 R’ 90.1,
o1y 10.6° .1840 .0829 3.07 R’ 9‘7»6
w ¢.48° .1646 .985‘: 3.08 R: 9q

2t 8.57° -1490 .9888 3.9 1\:’ 994
23 7.83° .1362 L0907 3.10 1\’ 9:0

25 7.20° 1253 .9g21 3.1x R,, G2
30 6.5° . 1045 .0943 3.12 R? .G03

The areas of irregular cross-sections, such as are commonly
found in semirigid airships, should be measured by a planimeter,
or if such an instrument is not available, one of the rules described
in the next section for finding the area of the curve of cross-
sectional areas may be applied. '

Curve of cross-sectional areas. A convenient graphical
representation of the distribution of volume or buoyz}n("y along
the hull of an airship is given by the curve of cross-sectional areas
(Figure 7), in which the ordinates are the arcas of the cross-
scctions plotted on a base line representing the length of .thc
ai:shfp. The area bounded by this curve and the base Iine,
divided by the scale of length along the base and the scale of
areas represented by the ordinates, gives the volume of the

- envelope or gas space for which the curve is drawn.

Figure 7. Curve of Sectional Areas

- )
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Computation of areas bounded by curved lines. Arecas
bounded by curved lines are most easily measured mechanically
by use of a planimeter. Rules for arithmetical computation
commoniy used by naval architects are: (1) the trapezoidal rule,
(2) Simpson’s rules, (3) Tchibyscheff’s rule.

The trapezoidal rule. In this method of computation it is
assumed that the ends of the chosen ordinates of the curve

C C
Dﬂ | EK
- oy
A = Ai 4 B £
Figures 8-9. Nlustrating Trapezoidal Rule for Measurement of Areas

T -
-
-
~ L

%"

A : B

Figure 1o. Tlustrating T rapezoidal Rule for Measurement of Areas

are conn.ected by straight lines, so that the entire area is reduced
tq a series of trapezoids. "It is obvious that this assumption
?hghﬂ;! reduces the measured area of the curve, but the error
1s on the safe side in underestimating rather than overestimating
the volume of the ship.

The area of a trapezoid, as ABCD (Figure 8), is given by

Area = (k/2) (y + ys)

i s e e S . g Ak

T A e
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And the area of two adjacent trapezoids of equal base length
as ABEFCD (Figure g), is given by
(h/2) (1 + 232 + y3)
To find the arca of a curvilinear figure, as A BCD (Figure 10),
by the trapezoidal rule, divide the base into any number of equal
parts, and erect perpendiculars from the base to the curve; then

F

A E e
g H
N

Figures rs~12. Illustrating Simpson’s Rules for Measurement of Arcas

to half the sum of the first and last of these ordinates add the
sum of all the intermediate cnes; the result multiplied by the
common interval between the ordinates gives the area required.
Simpson's first rule. More accurate than the trapezoidal
rule are Simpson’s rules which are frequently used to compute
the area of the curve of cross-sectional areas, and hence to find
the volume of the ship. '
~ Simpson’s first rule is based upon the assumption that the
curved line DC, forming one boundary of the curvilinear arca
ABCD (Figure 11) is a portion of a parabola of the second order,
i.e., a curve represented by an equation of the form, y = ax*+
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bx+ c. In Figure 11,let AD, EF and BC be ordinates at cqual
intervals, perpendicular to the base AB. Then if the curved line

DFC is a portion of a parabola of the second order, the area.

bounded by the figure is by integration equal to
(h/3) (s + ay2 + 33)

A long curvilinear area of continuous curvature, such as is

represented approximately by a curve of secticnal areas of an
airship envelope, may be divided into a number of portions
similar to the above, to each of which the rule will apply, and
the total area with equal intervals, 4, between the ordinates is

(B/3Yn+ aye+ 2ys+ ay+.- - -+ 4Pn1t Pa)

Simpson’s second rule. This rule assumes that the curved
line DC (Figure 12) is a portion of a parabola of the third order,

given by an equation of the form, y= ax®*+ b2+ cx+ d.-

With equal intervals between stations, the arca bounded by the
figure is given by
Area = (3%/8) (yu + 3y3 + 3ys + 74)
With seven equally spaced stations, the area is
(34/8) O + 332+ 333 + 234 + 395+ 3y6 + ¥7)

It is frequently desirable to halve the ordinate spacing near
the bow and stern, where the change of cross-secticnal area is
more rapid than amidships; and if this is done, the multipliers
of the ordinates in the way of the halved spacing must also be
halved. '

The multipliers are termed “Simpson’s multipliers,” and the
products of the ordinates and the multiplicrs are termed “ Simp-
son’s functions.”

Tchibyscheff’s rule. So far as is known, Tchibyscheff’s rule
is rarely, if ever, used in airship calculations, hut it has the
advantage in many cases of requiring fewer figures than Simpson’s
rules, and requiring fewer ordinates to obtain accurate results.
Its disadvantage is the use of an unequal and peculiar spacing
of the ordinates, in accordance with the {ollowing table.

R
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Number | Distance of Ordinates from Middle of
of Base in Fractions of Half the Base
Ordinates Length
2 5773
3 o, .707T
4 1876, .7947
5 o, .3745, .83135
6 2666, .4225, .8662
7 o, .3239, -.5297, .8839
[« o, .1679, .5283, .6o10, .911d
10 .0838, .3127, .5000, .6873, .9162

Having selected the desired number of ordinates, and located
them by the above table, the area of the curve of cross-sectional
areas is given by:

Sum of ordinates

Area = —————-—-" X length of base
e No. of ordinates X leng

Center of volume or buoyancy. The center of buoyancy of
an airship, designated by the letters C.B., coincides with the
center of gravity of the gas. The longitudinal location of this
center is of great importance; and for an airship to trim level
when at rest, it is necessary that the center of gravity, C.G., of
all fixed and movable weights be vertically below the C. G. of the
gas.

Longitudinal C. B. The trapezoidal rule may be applicd to
the computation of the longitudinal position of the center of
buoyancy in the following manner. Divide the curve of areas.
into stations at equal intervals, and muitiply each station by
the distance from some convenicnt station, preferably at or
near the mid-length; add all these moments, counting the
moments of the forc-body as positive, and those of the after-
body as negative, and divide the algebraic sum of the moments
by the sum of the sectional areas. The result gives the distance
of the C. B. from the station about which moments were taken,
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forward if the sum of the moments is positive, and aft if the
sum is negative.

Morc accurate results by Simpson’s or Tchibyscheff’s rules
are cbtained by taking the areas of the scctions and putting
them through the multipliers; these functions of the areas are
in turn muitiplied by moment arms from some chosen station,
and the algebraic sum of the moments of the functions is divided
by the sum of the functions, and the resulting quotient is the
distance of the C. B. from the chosen station.

Vertical C. B. When the cross-sections’ of the inflated gas
space are crcular, the C. B. obviously lies on the longitadinal
geometrical axis. For cross-sections of non-circular form, the
vertical position of the C.B. may be calculated by dividing
the gas space by a number of horizontal planes, and multiplying
the volumes between these planes by their height from some
chosen horizontal datum line. These moments, divided by the
total gas volume, give the height of the C. B. from the datum

line.

Relation between linear dimensions and volume. Two
important ratios or coefficients are used in determining the
dimensions of an airship for which a given volume is required.
These are the slenderness, elongation, or fineness ratio, defined
as the overall length divided by the maximum diameter; and the
prismatic coefficient, defined as the actual volume divided by
the volume of a prism having the same length and maximum
cross-section as the airship. When the section is a circle, the
prism is a cylinder, and the coefficient is sometimes cﬂled the
cylindric coefficient.

The effects of the slenderness ratio and the prismatic co-
efficient upon resistance are discussed in Chapter V. There is
usually no reason why nonrigid airships should not have the
dimensions which will give the least resistance; but in rigid

airships, there are apt to be other considerations calling for some

departure from a shape selected by purely aerodynamic con-
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siderations. A slenderness ratio of about 4.5 to 5.0 and a pris-
matic coefficient of about .60 to .65 appear to give the least
resistance; although it should be remembered that these matters
are still controversial. The Zeppelin Company claims that the
least resistance is obtained with a slenderncss ratio of six or
more; while the Aircraft Development Corporation insists that
about three gives the best resuits.

In large rigid airships, a slenderness ratio of not less than
six is usually desirable in order to avoid excessive weight in the
transverse frames, to facilitate handling on the ground, and to
give length for effective spacing of the power cars. Increasing
the prismatic coeflicient by incorporating some parallel middle
body in the lines of the hull gives the practical advantage of
reducing the linear dimensions for a given volume, and reducing
the cost of construction. If not carried too far, it increases the
resistance only a very little.

The relation between volume, length, diameter, slenderness
ratio, and prismatic coefficient may be expressed by the cquation:
V =CvlDr/4

= CyFD%/4

where ¥V = volume
L = length
D = diameter
Cy = prismatic coetficient
F = slenderness ratio

Example Find the length and diameter of a rigid airship
to have an air volume of 5,000,000 cu. {t., given F = 6.0, and
'Cv = .65.

4V
D = 1rc,
4 X 5,000,000
T ¥ X 6.0 X 638
= 1,630,000 ft.}
D = 1175 ft.

L =FD =06 X 111.8 = 7058 {t.
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The length and diameter of airships up to 10,000,000 ci. ft.
volume, with slenderness ratio between 5 and 8, and prismatic
coefhicient between .6 and .8 may be picked off the curves in
Yigures 13 to 10.

TaBLE 3. Data ox AmRsHIP ENVELOPES

Surface = Cs V¥ L = Cs'DL
Volume = CvAL

. . Length | Diameter| Volume Surface

Designation L D v s Cg Cg c,

3.99 641 . 506 4.5 3.44 2.49 .6
353 608 L83 5. 8o 3390 2.36 6:;
312 .641 .60 5.0t 3.4H 2.50 661
30 641 .53 4.59 3 40 2.32 - 500
297 641 NN 4.70 3.45 2.47 651
3.2 641 .580 4.53 3.30 2.20 .578
319 .687 .784 5.47 3.46 2.50 .663
3 8 641 750 5.70 3.34 2.29 .597
3 50 641 .742 5.57 3.45 2.48 658
3 83 641 L7409 5.00 3.3% 2.32 616
3 53 641 .745% 5.601 3.43 2.45 646
PLR 3.64 .641 L7314 .01 3.41 2.41 .613
PLD -y 3.39 .61t 787 §-5t 348 1 2.53 673
sottingen No. 3.79 .63% 643 5.16 3.30 2.13 531
Gottiosen . RN B 36 [ 3.8 | a3y | 88

soltingen No. 347 - .58 -643 16 : : '
Gottingen No. 370 b1y 643 g,zb i;g :2; ‘5’2;
Gottingen No. 5. .. 3.46 .57 643 5.16 3.46 2.50 .664
(};,:Jmnxcn No. 6. 3.80 .630 643 $.16 3.26 2.10 :531
....... . 1.59 3% L0970 X.275 3.125 2.06 .510

1.2 .387 o718 L0548 3.22 2.00 .4
11y 392 L0972 1214 3.33 2.24 -sgg
313 641 617 s.cay 3.45 2.50 .669
s-go 641 729 5.345 3.45 2.54 687
3.61 73 833 5.99 3.40 2.50 713
4 28 L6g1 1.040 7.23 3.46 2.68 .758
4 5 641 r.238 8.57 3.47 2.73 .702
5 53 .641 1.455 9 86 3.47 2.78 815
6 1y 734 1.653 1115 3.48 2.83 .Bsy
1.915 641 .424 3.07 3.48 2.40 651
3 53 641 8oy 6.0y 3.42 2.4% .61
5.133 641 1.077 3 341 2.43 681
4.00 .286 L1620 2 72 3338 2.36 613
4.00 .236 .1823 2.9 3 41 2.5 .71%
4.00 .2% .2959 312 3 44 2.73 .8o3
4.00 .286 L2205 3.33 31.5@ 1.91 883
§.00 2343 ,2390 3 3.3 2.36 N.F1
4.00 .348 L2033 3.54 3. 42 2.54 . q0b

4.00 .348 .30t 370 3. 45 2.72 .

4.00 343 <334 4.06 3.51 2.92 g?ﬁ
4 00 . 444 382 4.21 3. 40 2.37 616

4.00 YT .436 4.53 34 2.38 .70,

4.00 444 .438 4.35 3 47 2.73 -7
4.00 444 .5a1 517 3 st 2.01 813
4.00 .org 776 5.82 3 4r 2.37 611
4.0 .61g By 6. 28 3 45 2.8§ 600
4.00 618 932 6 72 3.8 2.7 .782
4.00 N3] 1.039 718 3.54 2.92 356
4.00 1.000 t 365 0 43 3.41 1.36 + 508
4 90 I.000 2.13% 19.1g 3 40 2.5% Oda
4 % 1.000 21.428 10 92 3.52 2.73 L7066
4.00 1.00a 2.680 116§ 3.54 1.01 .ﬁ_g
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Suiface area coefficients. Two coeflicients, Cy and Cy,
connecting the surface area, S, of the hull with the length and
volume are defined by the expressions:

S=CsVVL
and S = Cy'DL

40 .50 060 .7|0 .30 .910

|
PRISMATIC |COEFFICIENTICY

Figure 17. Surface Arca Cocfficients

The values of C; and C, have been calculated from the actual
dimensions, surfaces, and volumes of 52 streamline bodies,
which form a series covering the entire range of shapes used in
the present acronautical practice, and are shown in Table 3.
Although both C; and C,” are nondimensional, it is found that
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i i . { : Theoretical limits to C, It is of interest to define the
neither is constant. Each depends to a certain extent upon the ) .. - . ¥ . d mini-

: : . o i Vaaninet £8 limits of the cocfficient Cg. Obviously the maximum and mini
prismatic coeflicient. C; and €’ have been plotted against €,

in Figures 17 and 18. It is to be noted that while neither of the
coeflicients is constant, C; may be considercd constant with a
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PRISMATIC COEFFICIENT—-Cy ]
| I N i | mum values will be found from a cylinder and a double cone.
Figure 18. Surface Area Coefficients : The expressions for Cy in these cases are:
' ' ) D+ 2L
probable maximum error of less than 37, The value recom- Cylinder Cs = 2/x 2L

nded f itions is (VD + I
mended for use under thesec conditlons i Double cone Cs = \/";,(_\_/_’;M)
3 = 3.45

i i Tt g al : These have been evaluated and are plotted in Figure 10
t e : \ g 3
3(11) lh?’-rl;sms equally well to the average nonrigld or rigid air It will be noted that the mean value of Cg at L/D = 7.01s Cy
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= 3.45. This is the general mcan value for streamline bodies
and is due to the fact that in order to obtain the least resistance
per unit volume it has been found necessary to increase or
deccrease the fullness of the lines as the ratio L/D is increased
or decreased.

Coeflicients for design of the tail surfaces. In Chapter V,
criteria are derived for the cfficiency and adequacy of the tail
surfaces for stability and control, based upon wind tunnel test
data. These criteria are useful in conjunction with wind tunnel

TapLE 4. COEFFICIENTS OF AIRSHIP TAIL SURFACES

Des- Vol Area of Surface
. . oume iy, | Length 4, A
Type igna- | Nationaht Air ogth | | —
fmn 7 (h.') o (ol)™ ) o tieal |Horisontal| (FOL)®3 | (vol)iA
A | A
Noarigid | 8.8.Z. | DBritish 70,000 | 143 3.46 230 B4 135 187
. N3 Brit:sh 360,000 | 262 3.69 742 1,124 148 226
. ¢ United Staten 180,000 192 3.41 424 538 133 .18
. J United States 175,000 158 3.00 4353 492 146 .158
- Zodisc | French 328,000 {262 3.80 AN 818 .184 178
. Astra | French 343,000 262 3.75 8§62 1,203 178 L2607
Bemirigid { M ltalian 441,000 269 3.564 1,120 647 193 W11
. [} Italan 127,000 177 3.52 494 263 195 104
. AR Ttalian 156,000 | 203 3.69 508 817 191 197
. Roma | Italian 1,250,000 410 3.%80 1,015 1,448 .088 128
mE)d R-9 Britiah 930,000 525 5.40 1,676 2,620 L1708 276
R-23 | Briush 1,040,000 | 535 5.28 1,850 2,280 183 222
. K3 Pritish 1,810,070 615 5.24 2,080 219 L150 158
. R-33 Britsh 2,860, 0 635 4.90 2,617 2,638 L130 148
. 1-33 German 2,100,000 { 643 5.03 1,878 2,505 118 183
- L49 German 2,100,000 843 5.03 1,88 2,456 L114 150
. ZR-1 United States | 2,290,000 | 676 515 2.335 2,870 (135 .168
. ZR3 | United States | 2,760,000 | 656 4.68 2,510 2,510 128 128

tests in establishing the relative merits of alternative designs of
surfaces, or to ascertain if a given design is likely to have the
desired stability; but they do not afford the designer much
help in making a preliminary estimate of the tail surface area
likely to be required for a new design. For this purpose, co-
efficients based on data on existing ships are mest useful. Co-
efficients of the areas of the vertical and horizontal tail surfaces
divided by (air volume)*? are given in Table 4. Some designers
have used cocflicients of tail surface areas based upon the maxi-
mum meridian area or cross-section area of the ship; but the
magnitudes of such coeficients vary widely with the fineness

PRI
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ratio, while coeflicients based on (volume)?? are foum% to be
rcasonably constant throughout the maximum range of fineness
ratios. In Table 4 the usual fineness ratio L/D is replaced by
the ratio L/(vol)'® in order to take account of ships having
non-circuiar éross-sections, such as the Astra-Torres and most
semirigid airships.

The percentage of the total tail surface area allotted to th'e
movable control surfaces has varied widely in the past. xper-
ence has shown that the effectiveness of the control surfaces
varies but slowly with the depth of their chords. Modemn
‘practice is to extend the fins and rudders laterally to nearly
the maximum diameter of the hull, and make the chord of cach
control surface about one third of the span. The areas of thf:
control surfaces are rather less than 20%, of the total tail
curfaca.zTen

LIty -y

For preliminary design purposes, until corrected by stability
criteria derived from wind tunnel tests, it is usually safe to base
the area A of either vertical or horizontal tail surfaccs upon

the empirical expression:
A =13V



CHAPTER 1V
LOAD, SHEAR, AND MOMENTS

Moment to trim an airship. A simple coneeption of the
static stability of an airship may be obtained by comparing it
to a pendulum, the center of buoyancy (C.B.) corresponding
to the point of suspension of the pendulum. In some cases the
C.B. or the C. C., or both, move when the airship inclines,
and then the static stability becomes more complicated.

When the positions of the C. B. and C. G. are not affected
by inclination of the ship, the moment required to trim the
ship from its position of equilibrium to the angle @, either longi-
tudinally or transversely, is given by:

M = VH sin o
where 3/ = the moment
W = the gross weight of the ship
H = the vertical distance between the C. B. and C. G,

Effect of unrestrained gas surface upon the static stability
of airships. The bottom of a partially inflated gas cell or the
top of a partially inflated air ballonet is normally a horizontal
surface except in so far as it is distorted by the weight of the
fabric. It follows that when the airship iuclines, either longi-
tudinally or transversely, there is a movement of the bottom
surface of the gas space and of the center of buoyancy relatively

to the ship. The movement of the C.B. reduges the static .

stability of the airship to an extent which may be determined
by the procedure of naval architects in dealing with the effect of
free water in.the hold of a vessel.!

The virtual lowering of the position of the C. B. of an air-
iiiig due to an unrestrained bottom surface of gas cell is equal

1 Sce Attwood’s “Text Book of Theoretical Naval Architecture.”
58
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to ¢/V, where ¢ is the moment of inertia of the surface about
its neutral axis normal to the direction of inclination, and V is
the total volume of gas in the ship.

Example. Find the extent to which the C. B. is lowcered by
the unrestrained bottom surface of a partially inflated gas cell;
given that the gas volume of the ship as inflated is 3.000,000
cu. ft., and the lower surface of the gas cell is a rectangle 6o ft.
in length by 8o ft. in width, and the longitudinal stability of the
ship is under consideration.

. The moment of inertia Z of the bottom surface of the gas
cell about its transverse neutral axis is given by:
i=1/12 X 80 X 60°
= 1,440,000 ft.4
1,440,000/ 3,000,000 = .48 ft.

i/V

Twelve unrestrained surfaces of this size would lower the
virtual C. B. 12 X .48 = 5.7 ft., but as the distance between the
C.B. and C. G. of an airship this size will be of the order of
3o {t., the static stability is reduced less than 20%, even in this
extreme case.

Load, shear, and bending moments. In the primary stress
calculations, the hull of an airship is regarded as a loaded beum
subjected to bending moments and longitudinal forces from gas
pressure, also shearing and bending forces from the uncqual
longitudinal distribution of the weight, buoyancy, and acre-
dynamic forces. The static shear and bending result from the

weight and buoyancy. Aerodynamic shear and bending result

from the transverse components of the air pressure on the hull
and tail surfaces, opposed by the weight or inertia of the ship.
Considering the ship as a beam, it is obvious that the static
forces produce shear and bending only in the vertical longi-
tudinal plane; but the aerodynamic forces may act in any
longitudinal plane.

Curves of weight, buoyancy, and lead. The first step in the
calculation of the shear and bending is to determine the longl-
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tudinal distribution of the weight and buoyancy. The exact
distribution of the weight can only be found from complete and
accurate weight estimates, and these are not available until a
design has reached an advanced stage towards completion. In
preliminary calculations the designer is forced to make some

intelligent guesses, based mainly upon weight data from previous

ships. The importance of such data can scarcely be overesti-
mated. Every designer endeavors to accumulate them for his
private stock in trade. Weight data from the U. S. S. Los
Angeles are shown in Tables 5 and 6.

Weight estimating is facilitated by beginning with a rough

calculation of the weight of the hull per running foot, varying

as the diameter, and then adding allowances for the principal
concentrated loads, such as the-cars, engines, bow cap, tail sur-
faces, crew, fuel, cargo, ballast, bombs, etc. In a nonrigid

airship, the designer can control the loads on the envelope to -

a considerable degree by an arbitrary choice of tensions in the
car suspension cables.

- The computation of the curve of longitudiral distribution of
buoyancy is easy, since it is identical with the curve of sectional
areas of the gas space (see page 43) multiplied by the unit lift
of the gas. '

If the longitudinal distribution of weight and buoyancy are
represented graphically by curves, these curves should be plotted
to equal scales of pounds per running foot, or te other convenient
units. The load curve is then the difference between the weight
and buoyancy curves, counting excess buoyancy as positive

load (upward force), and excess weight as negative load {down-.
ward force).

If the ship is in static equilibrium of weight and buoyancy

and floating in level trim, the weight and buoyancy curves must
enclose equal areas, and the longitudinal centers of gravity of

these areas must coincide. It follows that the positive and "

negative areas of the load curve must be equal to each other.

N
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TasLE 5. WEIGHTS OF TUE Awrsurr Los Angeles (ZR' 3)

Jei Weight,
Items w f\‘ﬂ“’ Items Tow,
ftudinals. .. coeenunv e ,350 { Exhaust trunks. . . 302
’ILOr"rtlr%;tvuc(gzafI:ame ceeeaes xz,igo Climbing shaft and platfcrm 110
Wirng. .o v veenmrnereans 2,500 | Mooring equipment, ......... 1 ,03‘2
OUter COVEL.cvvrsvnrnnnrres 4,200*] Trai} ropes and handling lines 32
NetHNE. cevvvenararonsenes 642 | Ballast bags, controls and in- <
Gascells. ...oovviiieniann. 9,000 struments. . A 2,3%
Gas valves. .eooennan v vecen 385 ] Quarters and compartments in .
Fins. ..oovnnns s ceees] 1,810° keel.. . . 870
Rudders and clevators. . ... 1,3%2° Fquxpmmt for- passengcr qu ar-
Cortidor. . vveeieervaneeeed 2,820 1 BOIS..inaniiinie i 1,403
Machinery......ooviveneee 19,800 | Radio, fumniture, and equip- .
Control CaT. .. cvviveononnes 2,520 MENE. vt va v vamenesnns 3,340
s Powercars...........c0nn 3,310 it of shi . —-——-——*-S{ o
Miscellaneous stiffening. - 1,510 § Total weight of ship, empty...y €3,

. . "
* Weight of cover on fins, rudders, and elevators included in the itemn “outer cover.

TABLE 6. WEIGHT OF AIRSHIP Los Angeles, FRAME BY F'rAME

o
“ins . Power Accommo- ’ljo'm\
Frame arx\{du%uldt?cm Accessorics Plant dations Weight
No. R B Tbs. Ibs. s,
-~ 10 L A TR R F ] R R R
o 2,900 .; .................... 4 .
10 2,940 | T Jeeeeerineens
2§ 2,798 356 fieiiiaeenen ;1;?
40 3.376 136 ;8
5% 3,810 119 4,000 128
70 4,170 86 595 150
4 ~a
35 4:450 08 8,230 géo
100 4,440 154 © 350 ke
11§ 4,430 106 8,100
130 4,299 114 505 4{4
145 4,010 08s 286 3.370
160 3,800 1,560 foeeeeeainnnn LSQ&%
175 2,930 §67  f.een-- e
137 1,22 246 loeeooeoi i .
49,930 4,735 22,446 8,668

NoTe: Frames are numbered in meters from the sternpost.

The shear force and bendmg moment curves. By a well-
known principle, the transverse shear at any cross-section is
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cqual to the integration of the area of the load curve up to that
point, having due regard to the scales of the ordinates and the
base line, and working from cither end. The curve of shearing
forces may thercfore be plotted by integrating the load curve,
starting at cither the bow or stern. The integration is most
readily performed with a mechanical integrator; but if such an
instrument is not available, the integration may be effected by
dividing the load curve into intervals, and summing the areas
between successive stations, having regard to the signs of the
areas. Since the positive and negative areas of the load curve
are equal, the shear curve must return to zero at the opposite
cnd of the ship from which it was begun. If this condition is
not fulfilled, the work must contain an error somewhere. An-
other check to make at this point, before commencing to plot
the bending moment curve, is to determine if the positive and
negative arcas enclosed by the shearing force curve are equal.
They will be equal if the longitudinal positions of the centers
of gravity of the weight and buoyancy curves coincide and the
integration is correctly performed.

The next step is to plot the bending moment curve. By a
well-known principle, the ordinates of this curve are obtained
by integration of the shear curve, just as the ordinates of the
latter were obtained hy integration of the load curve. Since the
positive and negative areas of the shear curve are equal, the
bending moment curve must also return to zero at the opposite
end of the ship from which it was commenced

Calculations of shear and bending when the Iiff and weights
are assumed to be concentrated. In calculations of the shear-
ing forces and bending moments in rigid airships, it is customary
to assume that both the buoyancy and weight forces are con-
centrated at the main frames, instead of being distributed along
the hull. It follows that with these assumptions there can be
no curves of buoyancy, weight, or load, since these quantitics

are zero everywhere except at the main frames, The shear is .. .
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TABLE 7. LoADS, SHEAR, AND BENDING MoMENTS IN U.S.S. Shenundoak
WHEN THE Gross LIFT 18 136,634 LBS.

< i DA e camme i

5 ix Dispos- Bendi
Satin | §te | Fed |l {000 | Lond | shear | Briing
meters. ; : & Weight S. . m. iby
Ibs. ibs, 1bs, 1bs.
8 o 2,618 | — 2,311 °
o 3071 2,61 -
10 1,453 1,877 o 877 1~ 424 2735 - 23,110
P 2 o 1,002 910 - 50,460
20 2,812 1,00 ¢ - 1,8 ;
) 6 ,26 229 - 68,710
30 4.466 1 1,091 | 2,27 4,267 S
40 5,7% | 2,328 2,200 4,528 1,261 . — 84.670
" - 33
50 7,128 | 2,38 | 5,182 70577 | — 443 28 - 88,020
6o 8,218 5,858 1,512 7.370 848 . - 95.%0
¢
' ; 7 8 ,086 350 =~ g5, 100
70 8,985 | 2,708 2,37 5 3 41960
,656 8 655 ~ 55,410
] 9,402 { 3,091 | 35,65 V747 0630
. ,510 ,48 6,100 | 15,583 | — 6,073 - G, 170
go 9.510 1 0,483 s §
100 9,540 1 3,224 { 6,085 9,279 261 el 14,680
110 0,585 1 3,060 | 5,704 8,773 811 - - 36,540
- Ky
. - ~ 40, 310
120 9,560 | 8,1831 5,016 | 13,199 3,639 — 4016 40,31
130 9,536 | 3,006 | 1,790 | 4,836 | 4,650 61 -~ 8,470
JJ
: ,562 8,626 761 -~ 74,130
140 0,417 | 3,004 | 5,5 Loz -
5 8,118 885 - 59,88
1350 9,003 { 2,712 | 5,406 21300
T,
160 8,169 1 8,057 2,250 10,316 | — 2,147 3 -~ 36,78%
)
170 6,778 1 3,076 | 2,653 5,729 1,049 ana - 35,150
180 4,467 1 3,212 1,227 4,439 28 L a0 - 23,030
2 1,520 702 - 13,Y10
188 2,222 1,520 o 5 oss
104.75 258 { r1,100{ 1,100 2,200 | = ¥,042 <
136,634 | 74,553 | 62,076 | 136,634
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then constant between the frames, changing at each frame by
the amount of the load at the frame. The shear curve is thus
a series of steps; and the bending moment curve obtained by
integration of the shear curve is of constant slope between con-
secutive main frames, but the ordinates do not change abruptly
at the frames.

When the buoyancy and weights are assumed to be concen-
trated in this manner, the shear and bending may be computed
very readily by arithmetical methods instead of by graphical
procedure. The lift, weight, and load at the main frames are
tabulated; and the shear between the consecutive frames is then
the algebraic sum of the loads at the frames down to the frame
space under consideration. The bending moment at any frame
is the algebraic sum of the shear in the frame spaces multiplied
by the frame spacing down to the frame under consideration.

An example of the computation of the shear and bending in
a rigid airship by this method is given in Table 7.

Calculation of the shear and bending due to a load upon the
tail surfaces. The motion of an airship due to a transverse
force upon the tail surfaces opposed only by the inertia of the
virtual mass of the airship may be regarded as a pure rotation
about the center of percussion corresponding to the point of
application of the resultant load upon the tail surfaces, or it
may be regarded as a rotation about the C. B. combined with a
lateral translation of the C. B. The latter way of regarding the
motion is the more convenient in the computations of the shear
and bending.

The fundamental equations expressing the relations between
the resultant force upon the tail surfaces and the product of
the mass and the acceleration of the ship in translation and
rotation are:

F = aZw {8
and F! = BZua? (9)

R e g G ; BT TR R o i e I s e
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where F
i

i

the resultant force upon the tail surfaces
the distance from the point of application of F to
the C. B.
w = the weight at a main frame, and all weights are
assumecd to be concentrated at these frames
z = the distance of a main frame from the C.B.
« = the translational acceleration

B = the angular acceleration

The inertia force at each frame is we -+ wxg

It is customary to assume in these calculations that the
weight w» is distributed in proportion to the cross-sectional
area A. Equations (8) and (g) may then be replaced by:

F = C]EA (10:}
and F! = CiZAx (x1)

TrBLE 8. 1ST AND 2ND MoumeNTS OF MAIN FrAME AREAS OF 4,100,000
Fr} Ricip Alrsare

T
o

. Arca Arm 15t Momeats and AMoments

Station {t.s ft. ft.2 fr.d
- 30 100 - 350 — 35,000 12,250,000
[ 1,360 ~ 300 — 403,000 132,400,000
50 3,410 — 250 — 852,500 213,000,000
100 5,550 -~ 200 ~ X,110,000 221,000,000
150 7,270 - 159 ~ 1,090,500 163, 500,000
200 8,250 - 100 — 825,000 82. 500,000
59 L 3,340 | = G ~ 417,000 20,850,000
300 8,340 o o o
350 8,340 50 417,000 20,852,000
400 8,140 100 834,000 83,490,300
450 3,250 150 1,237,500 185, 520 . co0
500 7,250 200 X,450,000 290G, 000, GO0
gza 5,200 250 1,322,500 311,000,000
) 2,330 300 699,000 205, 7O, 000
82,420 5,060,000 1,956,930, 000

—~ 4,738,000
1,232,500
C.B ———e w1183 ft. forward of
82,420 frame 300,

Moment of inertia about C. B, = 1,065,550,000 — (82,420 X 14.83") = 1,938+
Y YTy Uy U R .
OO0, 0T 10" X 57 &€
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The inertia force at each frame becomes
f=Cid + Codx (12)

The first step in the calculations of the shear and bending is
to compute Z4 and Z42?% and from these quantities, C; and C;
for a given magnitude of F arc found by equations (10) and (11).
The force at each main frame is then calculated by equation
(12); and the shearing forces are computed in the usual way by

summation of these forces or loads along the ship; the bending -

TABLE 9. 4.100,000 CU. FT. AIRSHIP. SHEAR AND BENDING WITH 10,000
LBS. APPLIED AT STERNPOST, OPPOSED ONLY BY INERTIA

4

. Bendi
Sta. | _4s Load | Shear z$§ g
tion | 1,000 G4 CAsz 1bs. 1bs. Ibs. Moment
ft. lbs.
—-s50 [~ 36]— 12 | = 58 [ ~ 5 o o
L - 5
ol— 428 |~ 16s|— 695| 9,075]: -5 —~ 250
0,070
50 |~ 903 |~ 414 (—1,463 |—1,882 9,065 453,250
7,188
100 | =1,192 | - 674 | — 1,040 | — 2,614 16,253 812,650
4.574
150 | ~ 1,200 | -~ 883 |~1,950] - 2,833 20,827 | 1,041,350
I,741
200 |~ o946 | —1,002 | — 1,538 | — 2,540 22,568 | 1,128,400
- 7%
250 |~ s40 {—=1x,01r}~— 877 ]~1,888 21,769 | 1,088,450
. — 2,687
300 |~ 124 |—1x,01x |~ 202|-—1,213 19,032 954, 100
- - 3,00
350 294 | — 1,011 478 |~ 533 15,182 759,100
. - 4,433 -
400 710 | — 1,011 1,153 142 10,749 537,450
- 4,291
450 1,115 | — 1,002 1,310 8S 6,453 321,000
) — 3,433 : .
§oo 1,342 | - 331 2,135 1,303 2,975 |- 148,750
- 2,178
s50 1,242 | — 641 2,022 1,381 797 39,850
- 197
600 665 | — 283 1,08 797 .o o
~ 10,000 o o o

Ci= P/EZA = 10,000/82,420 = 121

10,000 X 314.8

Crm FY/zdzt = D225

= 001618

o R SV S 1 ST o
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moment is found in a similar manner by integration of the shear.
Tables 8 and ¢ show the calculations of the shear and bending
due to a force of 10,000 Ibs. on the tail surfaces of a rigid airship
of 4,100,000 cu. ft. volume. In this example the stations arc
numbered in feet from the sternport.



CHAPTER V
AERODYNAMIC FORCES

The aerodynamic forces acting on airships may conveniently
be divided into drag and transverse forces. The drag or resist-
ance forces are obviously of extreme importance; every effort
is made to reduce them to the smallest practicable magnitude
in crder to improve the speed and economize in engine power
and fuel consumption. The drag forces produce structural
strains of very little importance, except around the extreme
bow. The important aerodynamic forces from a structural
point of view are almost entirely normal to the longitudinal
axis of the ship. Transverse forces may be divided into two
kinds: (a) forces imposed through the rudders and elevators
to control the direction and altitude, and to balance inequalities
of weight and buoyancy; (b) forces resulting from gusts when
flying in rough alir.

The Resistance of Airships

An airship designer makes every effort to secure the least '

possible resistance consistent with structurally economic form.
Fortunately, there is rarely much conflict between these require-
ments. The form of least resistance per unit volume for rigid
airships is about the lightest structure per unit volume. Pressure
airships without subdivision of the gas space would be structur-
ally most economical if the form were spherical. The best
practical compromise for such airships is to choose a form of
slightly less slenderness ratio than would be chosen from purely
aerodynamic considerations alone. In rigid airships, the use
of rather more parallel middle body than is aerodynamically
68
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most efficient permits some saving in overall dimensions and in
cost of comstruction, but makes little or no differenice in the
weight, Limitations of shed dimensions and ease of handling
upon the ground may also influence form.

The resistance of the air to the motion of an airship is con-
veniently resolved into two parts; (a) pressure differcnce, and
(b) skin Iriction.

The air pressure acts normally to the surface of the body,
and in an ideal, incompressible and frictionless fluid, the sum
of the forward acting components of the pressure upon rhe after-
body is the same as the rearward components upon the fore-
body. In the real fluid, air, the forward acting compenents are
less than the rearward acting ones, and hence there is the resist-
ance known as pressure difference.

Skin friction is the tangential force of the air acting upon
the surface of the body.

Theoretical considerations which have been confirmed in
part by experiment show that for geometrically similar forms
at equal spceds, the pressure difference resistance varies as L2,
where L is a linear dimension. Experiments on skin {riction
resistance show that it varics approximately as L'%,  This
difference between the rates of variation of the two resistances
leads to an important difference between model and full scale
results. Suppose, for example, that in a model at a certain air
speed, the resistances due to pressure difference and skin {riction

are equal to each other. Then in a full size ship in which the

linear dimensions are 120 times greater than in the model, the
pressure difference will be 120° = 14,400 times greater than in
the model at the same speed; but the frictional resistance will
be only 120"% = 4,367 times greater than in the model. In
other words, in the actual ship, the resistance due to pressure
difference is almost twice that due to friction, instead of the two

- being equal to each other as in the model.

The greater the slenderness ratio of airship hulls, the greater
the surface area per unit volume, and hence the greater the

i

e N R R TR T = PIRRr ATy TS RSN,
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frictional resistance, but within limits, the less the pressure
ditfercnce. It follows that since the pressure difference increases
more rapidly than the frictional resistance with increasing
dimensions, the sienderness ratio should increase to some extent
with size in order to obtain the form of least total resistance.
The extent to which the slenderness ratio should be varied
with size is onc of the questions involved ix the vexed problem
of scale effect.

Pressure difference and frictional resistance are not wholly
independent of each other. Pressure difference is the result
of turbulence in the flow of air around the body and depends
mainly upon the shape of the body, for which reason it is fre-
quently called “form resistance”; but the turbulence may also
be to some extent the result of frictional resistance. The surface
area and the speed are the principal determining factors in skin
friction; but the form also influences the rate of flow of air over
the surface, and hence has its effect upon the frictional resistance.

Coefficients of resistance. Two coefficients of resistance,
commonly used in design work for estimating the resisfance
of airship hulls and their appendages, are the drag coefficient:

R
- Kg= o
and the shape coefficient:
¢ =X
¥ee

where R = resistance of the body
A = area of the largest cross-section
V = the volume
g = p?*/2, ie., the velocity head of the air stream, or the
pressure upon a flat plate normal to the stream.

The drag coeflicient K, expresses the resistance per unit area
of the maximum cross-section, and is most useful as a measure
of the resistance of appendages, such as cars, where a certain
cross-sectional area must be provided. The shape coeflicient

| e s—

e
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C expresses the resistance per unit volume; and is thercfore
most valuable for measuring the resistance of the hull where
the minimum drag in proportion to the air displacement or lift
1s required.

Both coefficients are based on the assumption that the
resistance of geometrically similar bodies is proportional to the
squares of the velocity and the lincar dimensions. We have
already scen that the first assumption is not strictly true for
skin friction; and the second is subject to correction for “scale
effect.”

Some shape and drag coefficicnts obtained in wind
tunnel tests are shown in Table 10.

Coefficient of skin friction. From the experiments of Troude,
Zahm, and Stanton, the frictional resistance of airship envelopes
may be estimated by the expression:

R, = .0035p 5% ¢!

Example. Find the resistance due to skin friction on the
hull of an airship 500 ft. in length and go ft. maximum diameter,
at a speed of 88 ft./scc. in air having a density of .co2r sluge/ft.3
Let it be assumed that the coefficient of surface area, Cs' (sce
page 53) is 2.40. We then have:

S = Cs'LD
= 2.40 X 500 X go = 108,000 {t.?
R; = 0035 X .0021 X 108,000% X 88!
= 2355 lbs.

Owing to the difficulty of separating frictional ‘rusistance
from pressure difference, the cxperimental determination of
skin friction has been confined to flat boards from 2 to 16 {t. in
length, and 6 to 25.5 in. in width. As in the case of form resist-
ance, the precise scale effect between the experimental surfaces
and the actual airship is somewhat conjectural.

For minimum skin friction, the surface must be smooth;
but Zahm found that the friction was the same for all smooth
surfaces, such as dry or wet smooth wood, hard varuish, sticky
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S 4 23588 g =% gfffenss _ varnish, glazed cambric, calendered paper, sheet zinc, etc.

~ é # ' : ; Coarse buckram and unglazed fabric with a slight down wag
. 4 5222 9 228w T :

i“_ & %2 | cE53%8 § EE § g2 E a8 é 4 found to have about 1597 higher coefficient than smooth surfaces,

S g g erene = ma P and the resiziance varied nearly as o) instead of as ot ¥,

3 G 1 = ca e ] '—’-::,rgei . . L7 L . ”

Z ®e | E5€88 § 8% REER Cases have been known in which the total resistance of a
5 5 eare  m ax 2, 0N 29R model of an airship hull tested in a wind tunncl was less than
< & na ﬁ'ﬁf‘;nm 8‘ §§ ?lglglz*lét‘lt‘l% B
B 5 LI : ShReRRRRe : the calculated frictional resistance alone. It follows that if
o 4 | mro=zz 2. go.uxg2 ‘- , angenti sistance is correc
5 8 «i | §EEEE 3 83 x88g8288 the expression for {frictional or tangential resistance 1 mm'ct,
gl g the resistance due to pressure difference must have been negative

& 4 | gzese 8 8- e2R, 2,89 . : : : . X
Bl @ 8: | E5E88 B8 £3 52233883 in thesc cases. At first sight, this seems impossible; but further
s Eeas— e S ———- consideration indicates the bare possibility that the retardation
s z=ama 2 2 sSE2nerel } of the air fiow by skin friction might result in greater total pres-
E 22288 2 88 22258882 ' sure upon the after-body than if there were no friction. The
7 o o5 o3 ; N N S ) . . .
“ neooe 2 o= Broeeeree condition of negative pressuré difference has only been found
& 2g5s32 5 28 2235853 mocriti it ;
a S2E28 % &3 T3E3E8:=388 at certain critical velocities. It almost certainly never occurs
& mz55 S u& ; : t in an actual airship.

3} IR as W = : Mt
~: IRRER ¥ OS8R PR Effect of slenderness ratio and parallei middle-body. In
2 E;iﬁi 8 823 R ; rigid airships, it is usually desirable to increase the lingth be-
(=] [ = =9 ~ - : [ . .

o TITTRT — "‘8%8‘? yond five diameters in order to space the cars properly, and to
<) SR8 e IR e . . .

] g 2 =l 2522283 ovent oxeescive
E gehks 8 &% BEEEaneg facilitate handling upon the ground, and to prevent excessive
o : oioht of the gas colls and tr: e { F : h
= 23288 3 &% FRezceng ¢ weight of the gas cells and transverse frames. Frequently the
B weeaR 9 9a eneaaven limitations of shed accommodations also require rather larger
S
S ir2.x | 58358 8 8% RRERERES elongation ratios than would otherwise be selected.

B = i : i i The designer has the choice of inserting some parallel middle-
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@ S5nZ § R8s # R § ERsB8aaE $ body, or retsining a continuously curved form by increasing

E i S TN R the station spacing. To determine the relative merits of these
P Sag 2733 % = SEXZFEE S . . . .
= 5% §2333 3 33 3532333 two possibilities, two interesting series of tests were carried out
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g 52299 8 29 ggouege in the wind tunnel of the Bureau of Construction and Repuir
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Cylindric Midships.” The tests showed that a length of paralicl
middle-body up to one diameter made very little change in the
shape cocfiicicnt; and three diameters of paraliel middle-body
increased the coefficient by only 7.6%). The other scrics of
tests was on inodels of the C class airship with various spacing
of the ordinates, giving lengths of from 2 to 1o diameters, with-
out parallel middie-body. It was found that increasing the

{eon, \
IL \
- VARY raly| STATION SPACING
z IWITH MO [PARALLEL MIPOLE|BROY.
2
b |
g L]
wlee /
3 \ -
S—
x
© \ // \
/ -’C” CLASS BOW Ao STERN
WITH VARY mig LENGTH
j<—""/ OF PargLLEL mj viE BODY
s “cTeulss
e CENGQTH/DIAmETER RATID,

. T 3 4 5 é + & § ©
Figure 20. Shape Coefficients of C-Class Form with Varying Slenderness Ratio
and Parallel Middle-Body

length/diameter ratio from the 4.6 of the C class to 8.0 resulted
in an increase of 13.27; in the shape coethicient: The curves of
the shape coefficient were found to pass through minimum
values at a length/diameter ratio of about 4.3 without parallel
middle-body, and at §.z with a length of middle-body equal to
.6 diameter.

The shape coefficients found in both series of tests are shown
in Figure 20.

Comparison of the coetficients shows that when it is desired

e . L Fhe s et e e & et esmn e e
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to increase the slenderness ratio beyond about 4.5, the addi-
tional length is obtained with less resistance by inserting parallel
middie-body rather than by increasing the spacing of the ordi-
nates. Tt should be remembered, however, that this conciusion
is based upon only two series of wind tunnel tests; and the
reliability of such tests as a basis of prediction of full scale

\\W//;\\ / \\'//a \ ///
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F16. 23 . Fio. 24

Figures 21-24. Azrs}up Shapes Derived by the Mathematical Theory of Sources
and Sinks

" Distribution of sources and sinks indicated on axis. Upper half: streamlines relative to undis-
twhed air. Lower half: streamlines relative to airship.

resistance is very controversial. The airship Los Angeles has
a length/diameter ratio of 7.25, and the Zeppelin Conipany
chose a shape entircly without parallel middle-body, claiming
that this gives less resistance than a form of similar preportions
with some parallel body.

It is obvious that the practical merits of the problem, aside
from purely aerodynamic considerations, are very much in
favor of parallel middle-body; the construction will be simplet

B A o T T S TN e AT W ke e st 1
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and lcss expensive, and the overall dimensions of the ship will
be less for a given volume and clongation ratio.

Mathematically Develeped Forms for Airship Hulls

Most airship forms have been developed by cut-and-try
methods, resorting to wind tunnel tests to determine the re-
sistance of the various forms proposed.

Streamline shapes have sometimes been developed mathe-
matically from the theoretical flow resulting from arbitrarily
assumed systems of sources and sinks. A discussion of the forms
developed in this manner by Dr. G. Fuhrmann, and tested in
the aerodynamical laboratory at Géttingen, Germany, is con-
tained in Report No. 116 of the National Advisory Committee
for Aeronautics, entitled ‘““Applications of Modern Hydro-
dynamics to Aeronautics,” by L. Prandt!, who was associated
with Dr. Fuhrmann before the latter’s death early in the war.
Figures 21 to 24 show four of Fuhrmann's envelope shapes, and
also the sources and sinks upon which they are based, and the
theoretical streamlines. The shaded arcas above and below
the longitudinal axis of the body in the figures represent the
sources and sinks respectively. The upper halves of the figures
show the streamlines for a reference system at rest with respect

to the undisturbed air, and the lower halves show the stream- _

lines for a reference system moving with the body.
The shape coefficients obtained in the Gottingen wmd
tunnel for these shapes are as follows:

Model I II g 1y

C 0.0340 0.0220 0.0246 0.0248

The computations of streamline forms corresponding to
arbitrary sources and sinks are very complicated and will not be
described here. Reference is made to a brief account in the
Naztional Advisory Committee for Aeronautics Report No. 116, or
2 longer one in German in the Jahrbuch der Motorluftschifi-

e g i
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Studiengesellschaft, Funfter Band, 1911-1912. Wind tunnel
tests have mnot indicated any outstanding virtues in forms
developed by these complex methods; and indeed there is no
thearetical reason for expecting that any particular source and
sink should give an outstandingly good form. Shapes drawn
by designers with a natural aptitude for thesc matters have
shown up as well as any. The U. S. Navy’s C-class airship
form is an example of a very good shape designed in this manner;
its offsets are given in Table 11. ‘
A form of low resistance obtained from a simple mathe-
matical expression has been developed by the National Physical
Laboratory, Teddington, England, and is composed of an
ellipsoid and a paraboloid. The fore-body is generated by the
revolution about its X-axis of a semi-ellipse having the equation:

LA .

where D is the maximum diameter, and ¢ is the length of the
fore-body.

The after-body is generated by the revolution about its
X-axis of a semi-parabola having the equation:

From this cquation, ¥ = o, when % = aV/z, so that the after-
body is V'z times longer than the fore-body. When there is no
parallel middle-body, the fore-and after-bodies fit together per-
fectly, both having the same radius of curvature at their junc-
tion at the maximum section. It may be noted also that the
radius of curvature is increasing all the way {rom the bow to
the stern.

This form is the one designated E. P. (ellipsoid-paraboisid)
in Table 3 {page 52). In that particular model the length of
the fore-body was twice the maximum diameter, i.e., a= 2 D.
In addition to the data and coefficients ngen in Tab e 3, the

fohuwx"ig nay uc userut:
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*

Center of buoyancy is at 4455 L [rom the bow.
Center_of gravity of surface is at 4595 L from the bow.

Without detriment to the aerodynamic qualities of the form,
the point of the stern may be rounded off, effecting considcrable
savings of weight and overall length. Conversely, the extremes
bow may be lengthened to a blunt point in order to facilitate
stiffening against external air pressure, or for better attachment
of the bow mooring gear. A variation on the ellipsoid-paraboloid

TasLe 11. OFF3ETS OF

Navy B (Goodrich) Navy C Navy ¢ EP. Parseval Pl Parscv
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tance | Diam- § tance | Diam- § tapcs | Diam- { tance | Diam- § tance | Diam- { tance
from eter [rem eter from cter {rom e from eter [rom
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is an ellipsoid-hyperboloid designed by the Aircrait Develop-
ment Corporation, Detroit, Michigan. In this form the fore-
body is again an cllipsoid, but the after-body is an hyperboloid
given by the equation:

D—y? 22 . .
‘i(.ﬁ.)_’l - :—:—; = 1 (referred to same axis as ellipse)

A wind tunnel model of the ellipsoid-hyperboloid form has
been constructed and tested in the wind tunnel of the Wash-

Various Hurn Forus

al Pl Parseval P-]I! 3.8.T. A4 Shenandoah Los Angeu
Dia- Dis- Dis- Dis- Dis~
Diam- § 1ance | Diam- § tanco | Diam- } tunce | Diam- § tance | Dinio- § funce | Digne
eter from etor from eter from. eter from eter {rum etor
%D Nose | S5 D Neee | G D Nwe | 9D f Newe | D Noso | %D
Yol So L So L %L Sl

2.27 1.25 1 21.58 1.24] 21.41 2.00} 20.58 0.49 . 6.25 1 63.00
87.02 25 | 32.99 2.51| 32.98 4191 3549 3.18 . 13.75 1 &4.63
51.95 5.00 [ 47.79 §.99 47.38 838 5465 3.43 ik 20251 .70
11748 10.004{ €4.23 .00 ] 68.07 12.57 1 81.71 7.78 2. 2975 08.90
83.3671 1500 73900 1498 | 78.89] 16.75| 77.50] 12.62 420 625
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08.10 ¢ 25,00} G403 407 9t04% 2513 8o.m ) 2200 .34 51231 0878
08 96§ 30.00 | 6740 ] 29.96 | 97.32) 29.32§ 04.18) 27.15 1 OBBIS | 8439
W0.00§ 35001 w22) 3497 99.11 23.51) 97.23}§ 32.00 D f 68,25 Bi.bg
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ington Navy Yard. In this model, ¢ = 1.2 D, and the after-
body was cut off at the point where its diameter equaled .485
times the maximum diameter, and was closed with a very
nearly hemispherical stern. ‘The [ength/diameter ratio of this
model was 2.82, and its shape coefficient was only .0264, which
is the lowest ever found on any model tested in the wind tunnel
of the Washington Navy Yard.

Scale Effect
The term “‘scale effect” is often a blessed phrase to cover

any discrepancies between model and full size performance,
when the true explanation lies in instrumental errors, incorrect
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Figure 25. Laminar Flow of Viscous Fluids

observation, or faulty methods of testing. Nevertheless, scale
effect is a reality wrapped in much mystery which still remains
to be unveiled.

To cxplain the nature of the problem of scale effect, it is
pecessary to begin with the fundamentals of motion in viscous
fluids. In Figure 25, oo; is a flat surface over which a very
viscous fluid, such as glycerine, is flowing as the result of a
pressure gradient ifrom leit to right. Observation shows that
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the velocity of the flow is zero all along 0o, -and increases directly
as the distance from the flat suriace. The tangential force f
per unit area of the surface oo, is given by the expression:
S = wly (13}

where v is the velocity at distance y from the plate, and 4 is a
constant for the fluid, defined as its “coeflicient of viscosity.”
Expression (13) shows that the skin friction or tangential force
in very viscous fluids is directly proportional to the velocity.
This law is also found to hold for only slightly viscous fluids,
such as gases, when the velocity is very low; but at high speeds,
the tangential force varies nearly as the square of the speed.

The cxplanation of this curious difference between slow and
fast motions was first presented by Professor Osborne Reynolds,
who illustrated his discovery by experiments in glass tubes.
Water from a tank was allowed to flow slowly through a tube,
into which a streak of colored fluid was also introduced. So long
as the speed was kept below a certain critical value, the colored
streak remained clear cut and distinct in the center of the tube.
Beyond the critical speed, the color broke up quite suddenly
into a confused mass and became mixed with the rest of the
water, indicating the formation of eddies which destreyed the
aminar flow and gave a new character to the fluid motion.

Professor Reynolds showed that the change of motion always
occurred at a certain value of pvd/u, where p is the density of
the fluid, v the velocity, d the diameter of the pipe in which
the experiment was conducted, and g the coefficient ef viscosity
defined by (13). The expression prd/p is usually written as
vL/v and is known as the “Reynolds’ number.”

Lord Rayleigh has shown by dimensional theory that there
must be a certain definite relation between the variables enter-
ing into any expression for the fluid resistance of a series of

- geometrically similar bodies. The changes of air pressure due

to the motion of an airship are so small in proportion to the
total atmospheric pressure that the compressibility ef the air
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may be neglected; and on that assumption, the general expression
for resistance must have the form:

- (%)

wlhere L is some linear dimension of the body, and f denotes
some unknown function of the Reynolds’ number. To eliminate
scale effect, we must have the same Reynolds’ number for the
bodies compared.

The Reynolds’ number depends on p, L, 9, and ». The first
three quantities are variable; the last is a constant for the fluid;
in our case, air. The quantities p and v are usually the same for
model and airship, but L is very different. If we could make p
inverscly proportional to L, the Reynolds’ numbers would be
the same for model and ship, and scale effect would be eliminated.
The Langley Memorial Laboratory of the National Advisory
Committee for Acronautics has a very wonderful wind tunnel
in which models can be tested at varying pressures up to twenty
atmospheres.  This permits full size Reynolds’ numbers to be
used for models of airships of about 200,000 cu. ft. volume or
less. There is still some discrepancy for large rigid airships,
but nothing like so great as in the conventional atmospheric
pressure tunnels. Little has been done as yet in using this
tunnel to study scale effect in airships, but a great advance in
our knowledge of the subject may be expected in the next few
years.

External Drag

~ The resistance of the appendages to the hull, such as the
cars, tail surfaces, ctc., is sometimes called “external drag.”
For many years it was thought that the total drag of an airship
could be computed by summing the bare hull drag and the
various items of external drag, obtained separately; but it is
now known that this method gives very erroneous results, be-
cause it takes no account of mutual interference. Wind tunnel
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tests of fully rigged models have shown twice the resistance of
the bare hull, when the drag of the appendages alone was only
4975 to 607, of the bare hull drag. Appendages forward of the
maxvimuom dameter are found to increcase the resistance of the
hull much more than similar appendages placed aft.

Deceleration Tests

Decelcration tests to determine the resistance of an airship
are casily carried out, but it is not always so ecasy to put an
accurate interpretation on the results, The theory of the
deccleration test is that the resistance of an airship in static
equilibrium and moving without power through air at rest or
in uniform motion is given by:

R = mdv/dl = pV wdv/di (14)
where K = the resistance
& Vu = the virtual mass
av,/cz‘t = the rate of loss of sp;:ed, i.e., the deceleration

The virtual mass is the actual mass of the ship and its con-
tents, including zir and gas plus the additional mass of the air
carried along with the ship. The additional mass may be com-
puted by multiplying the actual mass by the cocflicient %y -
given in Table 12 for ellipsoids of various slenderness ratios.
Alternatively, it may be taken as equal to prr’/3, where r = the
radius of the largest cross-scction, as suggested by BMunk in
National Advisory Committec for Aeronautics Keport No. 117.
Both mcthods assume that the additional mass is the same as it

~would be in an ideal, nonviscous fluid. It seems possible that the
skin friction of an airship creates a frictional wake, or a mass of air

moving with the ship, considerably greater than calculated by
either of the above methaods.
The resistance is also given approximately by an cxpression
of the form: ’
R = A4p/2 {18}

o
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A has the dimensions of an area, and is called by Munk “the area of
drag.” Combining expressions (14) and (15),
difdv = s/ (x6)
where s is a length, and is constant when R is proportional to o,
By integration of (16),
= —s/o+4+ B '
In a deceleration test starting at v = w, when f = o, B = 5/,
whence at time ¢ and speed »,
b4 .
x/no /v (7)
The length 5 is equal to the slope of 1/v plotted against #.
By combining equations (14), (15) and (16), we have:

A =2V, /s (18)

The area of drag found in this way includes the resistance of
the propellers. Wind tunnel experiments on the drag of non-
rotating propellers have shown that their atea of drag is ap-
proximately .8 times their projected arca on the transverse
plane. It is usually inconvenient to stop the rotation of the
propellers entirely, and in most deceleration tests they are per-

TABLE 12. COEFFICIENTS OF ADDITIONAL MAss oF ELLIPSOIDS OF VARI-
ous LENeTH/DIAMETER RATICS

Length &y ky B m B ¥
Diameters Longitudinal | Transverse iR Rotation

1.o . 500 .500 o o
I.50 .303 .62x .316 004
2.c0 . 200 .702 .493 240
3.51 o L1586 .763 6oy .307
2.99 .122 .803 081 .465%
3.09 .083 .86o .778 .608
4.90 .050 893 816 .701
6.01 L0458 .918 873 ) .764
6.97 ~036 .633 .87 .oy
8.01 .029 945 915 340
9.02 .04 .954 .930 .803
0.07 .021 .g6o 939 .883
o I.c00 I.000 I.000

-

5 et 5>t e A i ATETEN s i o e e 0 A Ko gt s P, 37 et et . et < R e s e AR .
A

Do

Ch. 5] AERODYNAMIC FORCES 8s

mitted to idle with the engines, or to revolve freely, disconnected
from the engines. It used to be thought that a freely revolving
propeller had less drag than a fixed one; but the contrary is now
known to be true. However, in a series of deceleration tests of
the U.S.S. Los Angeles with fixed and free propellers, no appreciable
difference could be detected. There is no known means of
correction for the increased resistance due to either fixed or
idling propellers interfering with the flow of air around the hull.

The corrections for additional mass and propeller resistance
are opposed to each other and both are probably of the order
of 45, to 10%. In view of the uncertainty of their magnitudes,
it is permissible in practice to neglect both.

In most deceleration tests, the pitot tube has been used to
measure the speed. In tests carried out on the U.S.5. Shenundoak
and U.S.S. Los Angeles, the pitot tube was checked by an
electric air speed meter of the windmill type suspended well
below the ship. At any constant speed, the two instrumcnts
agreed very well; but during deceleration, the electric air speed
meter showed a much higher rate of deceleration than the pitot
tube. The electric instrument could not anticipate the motion
of the ship, and consequently the discrepancy must have been
due to lag in the pitot tube, which is therefore not a suxtable,
instrument for deceleration tests.

From the foregoing discussion of deccleration tests, it should
be clear that they provide at best only a rough and ready mcans
of estimating full scale resistance. Trials with hub dynamom-
eters showing the actual thrust in flight appear to offer the
only really accurate means of determining the resistance.
Practically nothing has been done in this direction,

Because of the uncertainty of the scale effect, full scale data
on the resistance of airships are especially important.  Owing to
errots of observation and Inaccuracies of instruments, the re-
ported data are often conflicting, and must be carcfully analyzed
and corrected by all available means in order to obtain cen-
sistent and trustworthy results.. It is believed tbat. the most



&

Havier, U. S. N.

PriNctPAL Data AND CoONSISTENT RESULTS OF AIRSHIP PERFORMANCE ANALYZED BY Lieur. C. H.

TABLE 13.

AIRSHIP DESIGN . Ch. 5] AERODYNAMIC FORCES 87
o »n o e o . .
6;35 §E 5 gis % £ complcte digest that has ever been made of the cxperimental
: ko - = v.d cizid . . . . o
Z 58 s 8 @=3 ik ! data available on resistance is the work of Licut. C. H. Havill,
LIRS - == @ ® v . . . e
iy ‘e ARSI §§~, : ez i U. S. N., published by the National Advisory Committec for
d 22 BT SO 5a5 & =D H . . . N . . . N
: ? = e i' Aeronantics! Licut. Havill applied Lipka’s method of dizesting
8. N-R2R 2 3 RES (=3 B4 . . . o . R .
f-a-_é;_i'i 82333 2 & £a33R5EEZ § §338333%2 ' i inconsistent data to the following quantities: maximum speed,
e L 5% s5ma3 R 3 q 99naTETad i maximum horscpower, propulsive cocfficient at maximum speed,
g1 T5rs SSE88 8 3 3 BeBrkkhas ‘ area of drag, and shape coefficient for the whole ship. This was
'E' i TURSR 2 8 8 g ‘ done not only for the data on each individual ship, but included
e ~ < B N . . . e . .
] 1 SR%E & 3 g | also smoothing out the inconsistencies between similar ships
=3 i . » R .
© s 2omEk 3 8 3 i in respect to shape coefficient and propeller efficiency upon
I S85%% = 8 2 Ix3L38Y which many quantities depended. The consistent rezults are
5| & I23LR oz § 883 2 83373RN2Z . shown in Table 13.
gl = 2288 % B =58 € 392TIRG
» -
Gl H - — h Ty = 1
=] % S2=83 & 8 9EE- § 32933398 |3 Transverse Aercdynamic Forces
3 SZEAE 2 2 ssad 8 gdsszzzss o
3§32 3333 £ 8 g E2ERREERZ Ix ! In airships constructed before 1916, the speed was low, and
LSS 'S o e = S s el ) .. .
K mRRR® 8 3 = SHARIEAIY “? , the principal weights were concentrated at or ncar one or two
E'g% B33y £ 8 8 Jngsgazgs |9 a cars. Consequently, the shearing forces and bending meinent
EF W W P g <~ 000 > < oy 3 3
: it ;;g 1 due to weight and buoyancy greatly exceeded those due to
A - —— . N YIS
I o T T Tmmmnmeee . aerodynamic forces on the hull and tail surfaces; and if the hull
= — =3 — - » 3 .
a1 gz gE288 2 ¥ g 823883828 bad a fair margin of strength against static forces, the acrody-
3| <353 %282 B 8 SE25EERER i namic forces might safely be ncglected.  As airships became
2| — - - ommnmees ‘ larger and faster, with the nower plant divided among more cars
TN W ae e o w mooemanon N . ! £ . .
=5°%2% g3v88 ¥ €  LEmerreRg the static forces became less important, while the acrodynamic
N goean % e g forces, being proportional to the square of the speed, rose rapidly
SEELE : . . .
o sesss s s b - it in magnitude and importance.
S PRREX = :
x=x=53 = 3 SEES38E8S : s
55*’: vSsse ¢ 2 g susacenes |8 : Effect of sudden application of the rudders and elevators.
O3 EEEEL I3 g ZEZELUEES (B
e T OSEEESEERG |8 Several investigators, working independently in the early stages
; SEoriiiiiicy oimiiiiind i 5 of the development of the problem of acrodynamic forces, came
% 2 § E to the conclusion that the most severe acrodynamic condition
B 18
o 53 ¢ £ é J occurs when the rudders or elevators are first put over, It was
& EJ“: : g2 o % i urged that this is the worst condition because a transverse force
A e e = . »
E : ot E ! applied to the hull through the center of pressurc on the tail
2 = NP - B H M
© = 33 2 ; surfaces produces a turning moment opposed by the rotational
g e , * Techudival Nuiew Now. 347 wnd 243, “The Drug of Airships.”

S
e = AT T S i e S S




88 AIRSHIP DESIGN [Ch 5

inertia of the airship; and as the angular motion increases, the
swinging of the stern reduces the force produced on the tail
surfaces by the rudders or elevators. The weak point in the
argument is that the airship is assumed to be at no angle of yaw
or pitch, whereas the actual flight path is always a series of
curves about the mean direction, and it frequently occurs that
the ship is at an angle of yaw or pitch against the positions of
the rudders or elevators, thus making the total force on the fins
and control surfaces considerably greater than with the same
helm angles at no yaw or pitch. There is much room for argu-
ment as to the maximum instantaneous angles of pitch to be
assumed. Tt is the practice of some successful designers arbi-
trarily to double the force upon the tail surfaces, as determined
by wind tunnel experiments with full rudder and elevator angles
simultaneously, and no yaw or pitch.

A method of calculating the shear and bending resulting
from an arbitrary force opposed only by the inertia of the ship
is described in Chapter IV.

Aerodynamic forces at fixed angle of pitch. When an airship
is flown either light or heavy, use is madc of acrodynamic force
to balance the excess of buoyancy or of weight, as the case may
be. The required positive or negative acrodynamic lift is
obtained by flying with the longitudinal axis at an angle of
pitch to the flight path; and the elevators are manipulated as
necessary to maintain this angle. It is a curious fact that when
an airship is at a fixed angle of yaw or pitch the acrodynamic
forces on the tapered after-body of the hull act from the leeward
toward the windward side, instead of in the opposite direction
as would be expected. The upsetting morment on the ship due
to the acrodynamic force acting toward the leeward side on the
fore-body and toward the windward side on the after-body is so
great that when flying with the bow up it is usually necessary
to hold the elevators down instead of up as would be expected;

and conversely, when flying with the bow down, it is necessary
/
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to have the clevators turned up. An airship when flying light
appears, therefore, to be tail light, and to be tail heavy when
flying heavy. -

De. M. M. dMunk; of the National Advicory Committea for
Aeronautics, has proposed a method of calculating the distribu-
tion of the transverse acrodynamic forces upon an airship moving
at a fixed angle of pitch or yaw in an ideal, incompressible,
frictionless fluid. He derived the following expression:

% =f= %—i 2252 (ks — k1) sin 26 (19)
where F = the transverse force
x = distance along the longitudinal axis of the
airship )
S = cross-sectional area of the hull
= air speed

density of the air in absolute units

angle of yaw or pitch

k2 and %; = the coeflicients of additional mass of air
transversely and longitudinally, respec-
tively

W e9
1l
H

]

The basis of Munk’s theory is that the additional mass of
air carried along by the motion of the airship is the sam» around
any short iength of the hull as around an equal leagth of an
Infinite cylinder of the same cross-sectional area, with a correc-
tion factor equal to k2 — by to allow for the difference between
an infinite cylinder and an ellipsoid of finite L/D. Where the
cross-sectional area of the hull is increasing in the direction of
the air flow, the additional mass of air is also incrcasing, and the
resultant transverse air force on the hull from the windward
toward the leeward side is such as to impart the momentum to
the increasing mass of air. Conversely, where the cross-sectional
area is decreasing, the diminishing momentum of the surrounding
mass of air imposes a transverse force on the hull from the lee-
ward toward the windward side.

The assumption of a frictionless fluid invelves a considerable

weadalaUa /il
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departure from reality; but pressure plotting experiments on
wind tunnel models have shown that on the fore-body of the
ship the actual forces agree quite well with Munk’s theory. On
the after-body the real foice actiug from the leeward towand
the windward side is very much less thau the theoretical one;
but the actual forces on this portion of the bure hull are relatively
unimportant, because if the real forces acting toward the wind-
ward side of the bare hull are less than by theory, the real forces
acting in the opposite direction on the tail surfaces in the same
region are also less than required by theory, because the resultant
of the forces on the after-body and on the tail surfaces must give
equilibrium of moments with the forces ¢u the fore-body. The
integration of equation (19) all the way along the ship shows the
nct transverse force on the bare hull to be zero; and it follows
that the force assumed to be applied at the center of pressure on
the tail surfaces is equal to the total aerodynamic lift. The
moment of the theoretical force on the bare hull is

V242 (ks — k) sin 20 (20)

Where V¥ is the volume of the hull, and the other symbols are as
in equation (1g9). It follows that the angle of pitch required
to obtain any desired acrodynamic lift is given by
2Fa
Vo (ks — k1) (z1)
where F = the dynamic lift = the force assumed to be
applied at the center of pressure of the tail
surfaces, and @ = the distance between
that center and the center of buoyancy.

sinz2 6 =

The force F is not only the resultant of the pressure on the
tail surfaces, but includes also the differenice between the theo-
retical and the actual forces on the after-body of the hull. It
acts a little forward of the center of area of the tail surfaces.

In the calculation of the shearing force and bending moment
for any given excess of weight or buoyancy it is customary to

Ch. 5] AERODYNAMIC FORCES ot

TABLE 143. SuHEAR AND B. M. v U. S. 8. Shenandoah .uv85 FT./SFC. AND
6° 42’ PrrcH

it | 1(88) | £(582) r Load | Shear | {fmdin

moters Ibs. Ibs. Ibs, 1bs. 1bs, . Yor

o - 820 | — 57 -~ 877 G
- &

10 - 1,033 | — 179 2,300 1,080 - 8,960
212

20 —~ 1,200 |- 334 1,300 766 - 6,650
978

30 —~1,228 | — 500 3,754 2,026 -+ 3,130
3,004

40 1,18 [~ 665 4.937 3,092 33,270
6,096

50 - 98 |— 816 2,300 499 94,130
6,595

6o - 75§ 1= 933 — 1,688 160,080
4,007

70 - 404 | —1,020 —~X,514 200,150
3,393

8o -  I5F | = X,067 - 1,213 i43.08%
2,175

% - 55 |-—-1077 _ ~ 1,132 264.830
1,043

100 o | =~1,077 - 1,077 275,260
- 34

110 o |-1,077 - 1,077 274,920
— 1,111

120 o [—=1,077 - ¥,077 263,810
- -~ 2,188

130 41 | ~1x,077 - 1,036 241,930
— 3,224

140 1§% | — 1,007 - 916 ' 200, 0G0
— 4,140

150 404 | —~ 1,030 -~ 536 16§, 20¢

160 8st | — 033 - 82 121,530
— 4,758

170 6,346 {—~ 783 563 73:950
— 4,195

180 1,81 |— 563 |- 1,328 33,000
- 2u867

188 0,78 -~ 250 1,530 |~ 9,020
) - 1,337

104.75 1.346 |— ¢ 1,337 .- o

— 15,591 15,501

See Note on next page.
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Notes 10 TABLE 14

S (AS) = [(p13/2) (ks — ki) sin 28] AS
= {Locar X 85Y/2) W .924 X .2317) AS
= 1.628 &S
F'fg V (k3 — k) sin 26

- 0021 X 85
2% 238
= 15,500 lbs.
Zf (SAx) = F,aud ZSax = ¥
Therefore f (SAx) = ‘—”/ Sar = 2520 gag

= 0003 SAx

X 2,260,000 X 924 X .2317

assume that the excess of weight or buoyancy, as the case may
be, is distributed along the hull in the same manner as the cross-
scctional areas of the hull. This will not in general be strictly
true, but any shearing or bending introduced from a different
distribution of weight or buoyancy can most conveniently be re-
garded as a static force to be superposed upon the aerodynamic
shearing forces and bending moments. A shear and bending
calculation based on equation (19) is shown in Table 14.

Aerodynamic forces in a steady turn. The experimental
- determination of the aerodynamic forces upon an airship in a
steady turn is extremely difficult. The conditions cannot be
imitated in any ordinary wind tunnel; and the only practicable
rescarch with models appears to be pressure distribution experi-
ments on a model secured to a whirling arm in still air. This
has never been done.

Tull scale experiments on pressufe distTibution Lave teen
carried out upon the airship C-7, but the transverse forces upon
the hull were so small that no law of their distribution could be
derived or even checked. The principa! conclusion from the
full scale tests was that the force on the tail surfaces and the hull
in their neighborhood is-the chief factor in determining the
bending moments in the hull, and this force can most con-
veniently be considered as opposed by inertia.

Munk has extended his analysis of the aerodyvamic forces

- ke s g e
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on an airship moving in an ideal frictionless and incompressible
fluid to include steady turning. This is much more complicated
than fized angle of pitch or yaw, and the theoretical results have
not heen checked by model experiments as has been donce in the
simpler case; but the good agreement between theery and experi-
ment on the fore-body at fixed angle of pitch, gives confidence
that theory is also reasonably applicable to the actual forces
on the fore-body of an airship in a steady turn. Whatever dis-
crepancy may exist as regards the after-body, is again unim-
portant because of the pressure on the fins and rudders which
must give equilibrium with the forces on the fore-body. Munk’s
equation for the distribution of air pressure forces along the
hull in a steady turn is as follows:

aF _ @S aeg '3 2 S cos
el (ks — k;) T v’;sm20+ko’RSwsﬂ
+ k'v’%t %cosrﬂ (22)

The only symbol introduced into this equation, not cntering
into equation (19) for the forces at a fixed angle of yaw or pitch,
is &', the coefficient of the additional mass due to rotation.
Values of this coeflicient are given in Table 12. Tt should be
noted also that x, the distance along the hull, is measured from
the center of volume, and 6 is the angle of yaw at that center.

The first term in equation (22) corresponds to the force
along the hwll at a fixed angle of yaw, and is inward toward the

‘center of the turn on the fore-body and outward on the after-body.

It produces a turning moment balanced by an inward foree
assumed to be applied at the center of arca of the fins, The
sum of the second and third terms gives no resultant force or
moment. The sccond term alone gives a transverse force,
almost equal in magnitude to the centrifugal force of the dis-

‘placed air, and distributed in the same manner, but acting

inward instead of outward. The third term represents outward
forces on the tapered portions of the hull, having the same
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resultant as the forces represented by the second term, but of
opposite sign, and also acting through the center of buoyancy.
The derivation of equation (22) is far too complicated to be
described here, and reference is made to Technical Note No. 184
of the National Advisory Committee for Acronautics, for the
full mathematical derivation.

The force F on the tail surfaces acts inwardly toward the

center of the turn, and since the theoretical forces on the bare
hull have no resultant force, and have only the resultant moment
represented by the integration of the first term (on right hand
side) of equation (22), F is equal in magnitude to the centrifugal
force of the ship, and in order that it may offset the moment of
the force on the bare hull, the radius R of the turming circle
must be related to the angle of yaw at the center of buoyancy
in accordance with the following equation:

20

sin2 8 = R——(kz -—k_J

If the distance @ be measured from the center of volume of

the hull to the center of area of the tail surfaces, it is found that
the angle of yaw for a given turning radius is about 209, greater
than has been determined experimentally for British rigid air-
ships. It is concluded, therefore, that a more accurate calcula-
tion of the forces in a steady turn is obtained by assuming @ to
be about 807} of the distance from the center of volume to the
center of arca of the tail surfaces, and the force F is of course
assumed to act at the distance ¢ aft of the center of volume.

The forces on the hull represented by the first term on the
right hand side of equation (22) in conjunction with the force F
near the stern, and the centrifugal force of the mass of the hull
produce bending moments tending to bend the hull in the
direction the ship is turning: the magnitudes of the resulting
bending moments are in the same ratios to the centrifugal force
as the bending moments at a fixed angle of pitch are to the
dynamic lift at a fixed angle. But the forces represented by the

- g
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last two terms of equation (22) bend the hull in the opposite
direction, with the result that the total bending moment in a
steady turn is only about onc-fifth as great as at a fixed angle
of pitch, assuming equal resultant weight or inertia forees in

the two cases.

Upson's correction to Munk’s transverse force distribution.
R. H. Upson has shown that the transverse force per unit length
may be more accurately stated if the term £p-£, in expression (19)
is replaced by cos «, where « is the angle between the tangent
to the meridian and the longitudinal axis of the hull. The
corrected expression for transverse force is:

dE _dSpt o ,
Is = dp 5 costasin 28 (23)

Normal Pressure Variation

The pressure on the extreme bow of an airship in excess of
the static atmospheric pressure at the same height is equal to
the aerodynamic head, pv?/2, usually denoted by g. The quan-
tities p and v must be expressed in absolute units.

Example. Find the pressurc g on the extreme bow of an
airship moving at a speed of 8o ft./sec. through air weighing
076 1b./it2

v = 8o ft./sec.
p = .076/32.2 = .00236 Ib. sec.3/ft4
pv’= 00236 X 8o X 8o

) = — == ¢ {t.2
7=7 s 7.55 Ib./1t.

It may be noted that p1?/2 is the kinetic cnergy per unit
volume of air moving at velocity v, and ¢ is the potential or pres-
sure encrgy per unit volume after the velocity is wholly converted
into pressure.

It is customary to specify the aerodynamic pressure on all
parts of an airship in terms of ¢. Proceeding from the bow, the
pressure falls off rapidly, and is usually zero at only about 3¢/,
to 5% of the length aft of the bow. The pressure is negative



96 AIRSHIP DESIGN [Ch. 5 é Ch. 5] AERODYNAMIC FORCES o7

along the hull until within about 109, of the length from the
stern. Around the stern there is an area of positive pressure.
Figure 26 shows the pressure distribution found by the National

J
. , . 3
Physical Laboratory {Teddington, England) on a mode! of the 8 'é 1 g
. . . . . - -
rigid airship R-33 at various angles of yaw. Figure 27 shows s2 g 40
the distribution of transverse force obtained by integrating the- 2 .{g_g 5 2
pressure around the cross-sections. s N n :543:.2 F
. . . - = [}
Theorctical transverse force curves in accordance with the ¢ ,.H_‘_gjg z q =
three terms on the right hand side of expression (22) are shown i IR ELY 3
: ] N \{\ cky 3
5 1 ‘ v AN < 4 =
ool ; \\ *g = x \\\r &
o 08 . \ ~o AN £
5| o7 il 3 VTN &
: L g R z
§o S 1)
3 &
o5 © \
£ X \ Y . l / '?’ §
SV 8
@l © 1 \\ 4\0 [/ e g.\m @
tl o < [VIy/4mN “
Y Angle of Yaw 0° L ! \ v ///“‘ g 8
8 N7 i s 2t ' e HEZL T 1
9o WAL= T e A S
A B == EAVATASC L Sny
U pd \l\%flx:::——-?[: et .J ! / 0 i
4036 23824 20161206040 0+08-12-16-202428-I2-36404 348 l N i N "‘1
EW ! ? S41-09/54 Q-3 B—t— | - -—/‘“ © g
e ! i 8 S etz e &
ol Spct S ¥ YR g g Y s
@nd Section of Modet. > | S Y 5558 3 g 23 Z %j ;
Figure 26. Pressure Distribution on the Hull of Airship R-33 3 ,/ / / ;_"
] AN
in Figure 28. Only curve I in Figure 28 applies to a fixed angle > 1 &
of pitch or yaw. Curves II and III represent forces due to R T T & R
turning; and it may be secen that they largely neutralize the :{// S T N/ 5
forces shown by curve I , 4 1 1 U -\mh ke &
ops . ﬂ j I i % ! %
Additional Mass Coefficients ?‘ 3 °pb 3 [} Y
1 J-
Table 12 of additional mass coefficients is taken from National ff

Advisory Committee for Acronautics Technical Note No. 184.
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The coeflicients, ki, k2 and %’ are, respectively, the cocflicients
of the additional mass longitudinally, transverscly, and rotation-
ally. Their use in calculations of acrodynamic forces has been
explaiied. It should be noted, however, that the lfength/
diameter ratio in the table is not that of the actual airship, but
of the cquivalent ellipsoid, and the ratio for the cllipsoid is
obtained from the equation:

3

- (ship)

o

L, .. . g
D (ellipsoid) = g

<

Forces in Gusts

Measurements with strain gages on the longitudinal girders
of the airships Shenandoakh and Los Angeles have shown that the
stresses in normal flight through rough air exceed any which can
be produced by maneuvers in still air. There is great difference
of opinion in regard to the maximura forces to which an airship
may be subjected in hegvy squalls; and this is not surpsising in
view of our meager knowledge of the wind structure at such
times. Comdr. J. C. Hunsaker has summed up the situation
as follows:

“The cxistence of veritable fountains of upward rushing
air whose sides at times and places are sharply separated from
the surrcunding atmosphere must be taken into account in the

* design of airships. The most violent of such currents, the tor-

nado, combines vertical velocity with rotation, but fortunately
can be scen from a great distance, and can and must be avoided.
The thunderstorm with large fully developed cumulus tops is
also couspicuous and avoidable. It would appear to be folly
to enter such a cloud and subject the ship to the unknown
dangers of wind, rain, hail, and lightning. Burring such spre-
tacular hazards, there remain convection currents which the ship
may run into at full speed. There is ample evidence that up-
ward velocities as high as 10 feet per second may be encountered.
This vertical alr velocity », combined with the relative horizontal
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speed v of the airship, will give the effect of a change of pitch
of tan™ u/v.”

Table (14) shows the calculation of the forces and the result-
ing shear and bending in the U.S.S. Shenandoah when tunning
suddenly at a speed of 85 ft./sec. into a gust having a vertically
upward velocity of 10 ft./sec.

Aerodynamic Stability

The fundamental equations for airship stability have been
derived independently by several investigators. The following
derivation is due to Dr. A. F. Zahm. It has been published in
detail by the National Advisory Committec for Aeronautics as
Report No. 212, ““Stability Equations for Airship Hulls.”

Z

Figure 29. Stability Notation

Zahm's criterion for stability in pitch. To simplify the
treatment, assume the hull symmetrical about its longitudinal -

axis, the centers of mass and volume coincident, the weight bal-
anced by buoyancy, the controls neutral, the motion head-on
through still air. :

Starting from the centroid in Figure 29, the axes are x run-
ning aft, ¥ aport, and z upward. The increments of velocity
along and about these axes are designated, respectively, %, v,
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w, p, ¢, 7. The increments of the air force and moment referred
to x, ¥, z, fixed in the hull and moving with it, are X, ¥V, Z, L,
Af, N. Initially, all the components of velocity and moment
are zero, except the forward eneed I7) and the resistance X,
which latter has a negligible effect on the motion other than
straightforward,

Moticn in simple pitch. If now the ship with steady speed
U is given a slight pitch 6, the entire system of external forces
other than X, is equivalent to the normal air force Z at the
centroid, and the pitching moment A about it. Hence, by
d’Alembert’s principle, the conditions for kinetic equilibrium

are SO
Z = mwy = m(w —~ Ug) (24)
M = Bg (25)

where m is the effective mass of the ship; B its moment of incrtia
about y; while the space acceleration of the centruid is @, if
referred to the z axis as instantancously fixed in space direction,
but @-Uyg if referred to z moving with the ship? If m' is the
actual mass of the ship, the effective mass m, that is, the ship's
actual mass plus its virtual mass due to accelerating the finid,
can be taken as about 1.5 m’ for transverse accelerated meotion
whether normal ov lateral, i |
Since both static and damping forces, due to 0 and ¢, are
present, it is advantageous to place in evidence the components
of Z and M. The part of Z due to 8 is 8 Z,, where Z, denotes
8Z/80; the part due to ¢ is ¢Z,. They are the usual lift and the
damping forcz, and compose practically the whole of Z. Similarly
the static and damping parts of 3 arc 0 3,; ¢3M,. Substituting
these four components in (24) and (25),
02y 4 qZq = m(e — qU) (26)
| 0M, M, = By (27)
Conditions for stability in pitch. The angular velocity is
constant for = o, and declines on addition of some restoring

¥ Books va mechanics prove w, =@ —-Ug. See Wilson's Acronautics, §48.

A — s Y i o
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moment, due, for example, to the lowering of the centroid..

Making ¢ = o reduces (27) to

0M, + M, = o (28) -

Also for such speeds that @ is small compared with ¢U, one can
write (26) more simply:

0Zy + ¢(Z; + mU) = o {29)

These two equations are simultaneous, and taken together
represent approximately the conditions essential for dynamically
stable motion, i.e., for unamplifying pitch, expressed in familiar
acrodynamic quantities.

By (28) the damping moment ¢M, rotationally balances
the disturbing moment 83f,; by (29) the disturbing force 6Z;
the damping force ¢Z,, and the inertia force gmU, are in transla-
tional balance.

Criterion of pitch stability. In (28) and (29) the variables
0 and ¢ are the angular displacement and velocity of the small
stable oscillation; the other six quantities are specified constants.
Eliminating 6, g, gives the stability condition, viz., the relation
between these constants which is necessary to satisfy (28) and
(29) for all small values of 8 and ¢

This criterion can also be written in terms of model data.
If s is the scale ratio, » the model speed, and if primes mark the

model symbols, the values in (30) are related to the model
values thus: ' B

2/ Mg = 2 Z'a/3's |
MJU = s'u/u

(31)

where g 13 the coefficient of damping moment in pitch for the
model with head-on speed %. One may write Z,+ mU = nmU,
where # is to be found experimentally, since Z, is proportional to

My Zy+ mU) 1 ' (30)

e, ot

[ ——— .
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U. Putting these new values in (30) the working criterion for
pitch becomes:
/2

as %%; = Y {32)
where ¢ = $*/mn. The stability critcrion (32) is now in a form
convenient to use with familiar wind tunnel data. The damp-
ing coeficient u is determined experimentally in the wind
tunnel.

The weak point in this treatment is the difficulty of deter-
mining Z, experimentally. It was formerly assumed that this
term Is negligible in comparison with mU, so that = 1. The
wind tunizel criteria based on this assumption showed great
instability, even for ships which proved amply stable in actual
flight. Hence it must be inferred that Z; is by no means
negligible.

Jones' criterion of stability. R. Joncs, of the National
Physical Laboratory, Teddington, England, found that in
British rigid airships, R = .9 {, where R is the radius of turaing
circle, ¢ is the angle of yaw at the C. B. in radians, and I is the
distance from the C. B. to the center of pressure of the tail sur-
faces. Using Zahm’s symbols, Jones’ criterion is based on the
condition that:

63, + (U/R)M = o (33)
which is the same as (28) above, since ¢ = U/R, and the observa-
tional fact that:

‘ RO = ol | G

Combining (33) and (34},

MU
M, o

In terms of wind tunnel data, satisfactory stability may be
expected when

’——m——-‘gﬁf? “> o (35)
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Example. A model of a rigid airship constructed to the scale
1/120 is tested in the wind tunnel. It is found that u/u = .0032,
and M’y = .125 ft. lb. per degree at u = 58.6 {t./sec. The length

I from the C. B. to the eenter of arca of the tail suriaces is 526

ft., full scale, whence:
s{p/u)#® 120 X .0052 X 58.6° _

M, 125 X §7.3
and .9l = .9 X 320 = 288 {t.

The ship should be stable by a small margin.

The limitation of this method is that the coefficient .9 is
based on observation of conventional rigid airships, and might
not apply to ships of widely different form or slenderness ratio.

oo ft.

Dynamic Lift

Moderate inequalities of the static forces of weight and
buoyancy may be compensated by aerodynamic forces imposed
upon the hull and horizontal tail surfaces through controlled
opcration of the elevators. This dynamic lift varies as the
square of the speed, and increases with the angle of attack up to
large angles, provided the speed is constant; but the increase of

“drag with the angle of attack reduces the speed so rapidly that

at any given horsepower, the maximum dynamic lift is obtained
at about 8° pitch. Figure 30 shows curves of the speed and
dynamic lift of the U.S.S. Los Angeles.

It should be noted that the dynamic lift, like other aero-
dynamic forces, varies as the square of the linear dimensions,
whereas weight and buoyancy forces vary as the cube of these
dimensions. It follows that with increasing size of airships it
becomes increasingly difficult to use dynamic lift to compensate
for disturbances of the static equilibrium, unless the speed in-
creases as rapidly as the square root of the linear dimensions.
This relation of speed to linear dimensions would require the
horsepower to be proportional to L** or to ¥?#*, where L and ¥
are length and volume, respectively.
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Empirical Formulas for Maximum Aecrodynamic Bending

Moments and Forces on the Tail Surfaces

A very convenient forimiula for the maximum aerodynamic
bending moment is given by Dr. H. Naatz of the Parseval
Airship Company,?® as follows:

Ay = 005 p? V2L, (z6)
where 1/; = maximum bending moment

V = air volume of the ship

p density of the air

v = air speed of the ship

L = length of the ship

I

All units are absolute, and .co5 is a nondimensional co-
cfficient.

Naatz derived this expression from theoretical considerations,
and checked it by the internal pressure required to prevent
buckling of the envelope of the large Parseval nonrigid airship
PL-27 during the course of two years’ service in the stormy area
of the Baltic. It has also been found to agree well with the
maximum aerodynamic bending moment calculated for the
US.S. Shenandoak from strains indicated by strain gages on
the longitudinals, when flying in disturbed air over mountainous
country in a high wind.

For design purposes, some convenient coefficients to de-
termine approximately the maximum forces on the tai] surfaces
are highly desirable. Such coefficients are most suitably given
in the nondimensional form:

= 2P
C Iy
for local loads where p = the load per unit area, or:
¢= Apd?

where P is the total load upon a surface of area 4.

) Nnﬁon:ﬂ'AdVb.ofy Committee for Aeronautics Technjcal Memoranda Nos. 275 and 276, “Re-
pent Rescarch in Alrship Consauction.™ )
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The magnitudes of p can only be found from pressure distribu-
tion cxperiments on airships in flight or on wind tunncl models.
The total load P on the surfaces can be investigated much more
readily than 2, either by experimental determination of ihe
moments produced by the tail surfaces with various rudder
settings on a wind tunncl model, or by observation of the angular
acceleration produced by rudder action on the airship in flight.
P may also be calculated by integration of model or full scale
pressure plotting results. .

Extensive pressure distribution experiments have been carried
out under the direction of the National Advisory Committee for
Acronautics upon the tail surfaces of the U. 5. Navy Airship
C-7.% The following outstanding pressures were observed:

The maximum total load on a complete surface was 352 lbs.,
or 1.3 lbs./ft.? on the bottom fin and rudder during a reversal of
the rudder from 24° left to 18° right at 4o0.5 m.p.h. (= 50.5
<ft./sec.), and p = .00242 slugs/ft.3, whence: '

2X 1.3
00242 X 59.5?

= ,302

The maximum load on a fin without rudder was 3rr lbs,
or 1.7 lbs./{t.* on the top fin during a steady circle with 44°
right rudder at 35 m.p.h. (= 51.4 ft./sec.), and p= 00242
slugs/ft.3, whence:

2 X 1.7

= e =, 2
00242 X §51.4? 53

The maximum total load on a movable surface equalled 2.9
Ibs./ft.? with 44° rudder at the start of a turn at 43.3 m.p.h.
(67 ft./sec.), and p = .co24r slugs/ft.3, whence:

— = 536

The largest local load was 7.3 lbs./ft.? near the leading edge

4N, A. C. A Report No. 223,



108 ATRSHIP DESIGN  Chs

of the top fin in a steady turn at 45 m.p.h. with 44° right rudder,
and p = .00233 slugs/ft.?, whence:

Cm—=Ttd oy

00233 X 66 ©

The maximum coeflicient of .302 found for a complete surface
of the C-7 is approximately equal to the coefficient of tail surface
force found on the wind tunnel model of the U.S.S. Shenandoak
at 5° yaw with 20° contrary rudder.

It seems reasonable to design conventional types of tail
surfaces for a mean pressure corresponding to C= .40. The
leading edge of the fins or overhung balancing surfaces should
be designed for loads equal to about four times the mean load.
Assuming that C = .40, and the area of the surfaces is given by
4 =..13V_"'f3 (see page 37), the total transverse force P on either
vertical or horizontal surface is given by P = .026 V23 p2,
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CHAPTER VI
STRENGTII OF NONRIGIb AIRSHIPS

In the year rgrr the Sicmens-Shuckert Co., Berlin, con-
structed a large experimental nonrigid airship, 395 ft. in length
by 46.6 {t. diameter. There were three cars suspended from a
curious external nonrigid keel of fabric. As might be expected

to preserve. This weakness turned out to be of great bencfit
to the science of airship construction, for it led to an exhaustive
investigation into the theory of strength of nonrigid airships by
two German engineers, Rudolf Haas and Alexander Dietzius,
undertaken with great care and thoroughness, and published
in 19r2. An English translation of this report by Prof. K. K.
Darrow was published in The Third Annual Report (1917) of
the National Advisory Committee for Acronautics. Although
purely nonrigid airships may appear to be a vanishing type,
except for small sizes, a thorough knowledge of the stresses in
nonrigid airship envelopes is of great importance, and later in
dealing with the strength of rigid airships frequent reference
will be made to the principles established in this chapter.!

Bending of the envelope. The ordinary formula, f= 3/y/7
for dealing with the bending of a homogeneous straight rod or
‘beam, i5 derived from two simple assumptions; (a) that trans-
verse scctions that are plane before bending remain pline after
bending, (b) that the stress in the material due to the bending
is directly proportional to the extension or contraction produced
by the bending. The first of these relations is known as the
Navier hypothesis, and the second as Hooke’s law. ,

In order to determine the applicability of the ordinary
15 Pressrs Alrships,” Blskemore aod Pagon, Ronald Aeronautic Library.
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formula to the envelopes of nonrigid airships, experiments were
undertaken by Haas and Dictzius to ascertain how far the
bending of a model of a nonrigid airship filled with water con-
forms to Navier’s hypothesis, and also how far the stretching
of balloon fabric conforms to Hooke’s law.

The model was constructed of three-ply rubberized balloon
fabric, having two parallel plies or layers of cloth (i.e., with
threads running longitudinally and transversely) and one bias
ply (i.e., with threads inclined at an angle of 45° to the threads
of the parallel plies), and thin layers of rubber to bind the plies
together and to make the fabric gas-tight. While the model was
inflated with air and undeformed, transverse circles were drawn
upon its surface indicating the cross-sections. The model was
then filled with water and suspended by rigging extending for
only a short distance along the middle, so that a very considerable
bending was produced.

The model remained in the loaded state for three weeks in

order to allow for the gradual stretch of fabric under stress, so

that the deformation reached a permanent value. The shapes
of the cross-sections were then determined by photographs com-
bined stereoscopically, and the plates were magnified to permit
of examination with greater accuracy. No deviation of any
cross-sections from a ‘true plane could be observed, and it was
concluded that the Navier hypothesis may be assumed valid
for the bending of nonrigid airship envelopes.

Experiments were made to determine the validity of Hooke's
law by means of diagrams showing the relation of stress to strain
in balloon fabrics, and it was found that this relation depends
in an irregular manner on the stress normal to the direction under
investigation, but when the normal stress is constant, the stress-
strain diagram is approximately in accordance with Hooke’s
law. It was therefore concluded that without appreciable error
Hooke’s law may be assumed to hold over any cross-section of
a nonrigid airship envelope.

Since Navier’s hypothesis and Hooke’s law are valid, the
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ordinary formula for stress due to bending is also valid. It
should be noted, however, that in dealing with the fiber stress
and moment of inertia of an airship envelope it is customary
to consider the cross-section of the envelope as an infinitely
thin ring, so that the stress is expressed in 1bs./in., instead of in

t Ty O RAT
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Figure 31. Moment of Inertia of Circular Ring

Ibs./in2, and the dimensions of the moment of inertia are L3
instead of L* as in ordinary mechanics.

~ In a circular cross-section (Figure 3r), considered as an
infinitely thin ring, the moment of inertia is given by:

L4

: 2
I=4fy’Rd0

and y = Rsin @

¥

2
Therefore 7 = 4R° [ sin? 8 46

I = xK3 G7)



112 AIRSHIP DESIGN [Ch. 6

Calculation of the bending moment. The static bending
moment in a nonrigid airship is composed of thrce parts, as
follows:

(x) The bending moment due to the vertical forces of the

weight and buoyancy distributed unequally along the
envelope.

(2) The moment of suspension due to the car suspension cables-

which are usually attached to the envelope some distance
below the level of the longitudinal axis, and have longi-
tudinal components which produce bending moments
comparable to that caused by an offset load upen a column.

(3) The bending moment due to the increase of gas pressure
upwards causing the longitudinal force to be greater
above the axis than below.

When the bending moment is such that the ends of the
envelope tend to bend upward, the bending moment is said to
be positive, or “sagging;” and when the ends tend to droop the
bending moment is said to be negative or “hogging.” The terms
“sagging” and “hogging’ are borrowed from naval architecture.

It may be noted that the moment of suspension and the gas
pressure moment are negative, while the moment due to
the weight and buoyancy forces is usually positive. When the
distribution of weight and buoyancy in the envelope and the

tensions in the car suspension cables are known, the bending

moment due to the vertical forces may be calculated by the
methods described in Chapter IV.

The suspension diagram. About two-thirds of the gross-
weight of nonrigid airships is usually concentrated in a single
car, less than one-fifth as long as the huli or envelope. If this
weight were suspended vertically from the envelope it would
produce an excessive sagging bending moment. This is cbviated
by splaying the suspension cables forward and aft from the car
to the envelope so as to distribute the car load along the envelope.

The diffcrence between the gross buoyancy and the weight
of the envelope is called the net lift of the envelope; and for
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static equilibrium the weight of the car and its load must equal
the net lift, and for level trim the ceater of gravity of the car
must be vertically below the center of buoyaucy of net liit.
These centers are calculated in the usual manner by taking
moments.

When the weight and position of the car are determined in
accordance with the net lift, the suspension system must be
designed. An infinite variety of arrangements of cables and
tensions is possible, provided three conditions are fulfilled, as
follows:

(1) The sum of the vertical components of the tensions in all
the cables must equal the net lift or the weight of the car
and its load.

(2) The sum of the longitudinal components of the tensions in
all the cables must equal zero.

(3) The sum of the moments of the tensions in all the cables
about any point in the vertical line through the center of
gravity of the car must equal zero.

To ensure that conditions (1) and (2) are fulfilled, a sus-
pension diagram (Figure 32) is constructed. Lines arc drawn,
end to end, each parallel to the projection of a suspension cable
upon the longitudinal vertical plane, and of a length representing
to scale the tension in the cable to which it is parallcl. When
lines reprosenting all the suspension cables are drawn in this
manner, the straight line joining the beginning of the first
line to the end of the last line is the resultant of the tensiouns
in all the cables. If the length of the resultant line equals the
weight of the car when measured to the scale used for the lengths
of the component lines, condition (1) is fulfilled; and if the
resultant line Is vertical, condition (2) is alse fulfilled. To find
the moments for condition (3), it is most convenicnt to prepare
a table of moments, in which the tension of each cable is obtained
from the suspension diagram and is multiplied by the per-
pendicular distance of the cable from a fixed point in the vertical
line through the center of gravity of the car.
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Suspension Diagram of Nonrigid Airship

Figure 32.
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It is a simple matter to prepare a suspension dingram to
fulfill conditions (r) and (2), but it will gencrally be found that
some juggling by trial and error is necessary to abtain a layout
and choice of tensions in the cables to link up condition (3)
with (1) and (2). Besides these three conditions which must
be fulfilled, there are others at which the designer should aim.
The arrangement of the car suspension cabies should be designed
with the object of producing the smallest practicable final bend-
ing moment in the envelope consistent with the requircment
that the weight of the car be taken by cables as nearly vertical
as possible in order to avoid compressive forces in the envelope.
Another objection to putting much tension in inclined wires
is that these wires take heavy loads when the airship is inclined
longitudinally, even if their tensions are quite small when in
horizontal trim. A further desirable condition, but usually of
minor importance, is that the bending moment in the car should

“be small.  With the short cars of modern airships this condition

is easily realized.

Although there are no hard-and-fast rules for the design of
the car suspension by which the necessary or desirable condi-
tions may be fulfilled, a convenient method is to prolong the
suspension lines (Figure 32), neglecting the bridles usually
provided at their upper ends, until they interscct the longi-
tudinal or neutral axis of the envelope. If the suspension cables
are assumed to be attached to the envelope where their projection
intersects the longitudinal axis, the moment of suspension
vanishes, and the moment due to the vertical forces becomes
very small by assigning to cach cable a tension such that its
vertical component is approximately equal to the net lift over
a length of the envelope equal to the mean distances between
the intersections of consecutive suspension lines with the longi-
tudinal axis of the envelope.

In semirigid airships it is customary to choose the tensions
in the suspension cables so that the vertical component of the
tension in a cable where it is fastened to a joint in the kedl equals
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the net lift of the envelope transmitted to that joint. By this
arrangement the keel reccives directly all the longitudinal force
of the suspension.

Effect of inclination of the airship, and of propeller thrust,
A large angle of inclination of the airship longitudinally throws
heavy loads upon some of the inclined suspension cables, and
it is necessary to provide “martingales,” which are suspension
cables at as flat an angle as practicable, leading aft from near
the bow of the car, and forward from near the stern, to prevent
the car from tilting with respect to the envelope. The effect

/ot )
)

Figure 33. Gas Pressure Bending Moment and Longitudinal Force

of inclination of the airship is to cause a reduction of the force
between the car and the envelope in the direction perpendicular

to the longitudinal axis of the airship and to introduce a force -

parallel to the axis. The effect of the propeller thrust is very
similar to the effect of longitudinal inclination, except that there
is no change in the total force perpendicular to the longitudinal
axis, although there will be in most cases & redistribution of the
tensions, and hence of the vertical components, among all the
suspension cables,

Accepted practice is to design the suspension -cables for a

factor of safety of 5 or 6 in the normal condition, with little or
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" no load in the martingales. The latter are designed to take

the total end force due to propeller thrust or inclination of the
ship, with a factor of safety of about 3.

Longitudinal force and bending moment from gas pressure.
The gas pressure produces a longitudinal force and a bending
moment at any cross-scction of the gas container. When the
cross-section is circular, the force F, and the bending moment
M may be calculated as follows:

Figure 33 represents a circular cross-section of radius R
inflated with gas of unit lift & down to the lcvel given by R
sin a from the horizontal diameter.

d4 = 2R?cos’9d 8

dM = p R sinfd4

- ? = k R(sinf — sina), assuming no superpressure
Whence:

dM = 2 k R4 sind cos®0 (sinf — sina) df

f /3 x/2
M= 2kR‘1/sin’0cos’6d9—-/sinasinacos’@d()
[

x/3
=2kR4[..%(isin48—0)—-sina(—-coje)] -

@

=E£ (f .-g—sin_’acosa+5..inacoSa—ésinacos'a)
2 V4 2 2 3
gV . kR [ 37 — 6a + (2 sin’* a — 5) sin 2a] (38)
. 24
And
dF = pd 4

= 2k R*cost 0 (sin 8 - sin ) 46

x/3 * /3
F = 2kR3{/sin&cos’@d&—-/sinacos’@d&

o a

3l‘_cos"a . 6 sinz2f "
=2kRL- 7 —-smcx(2+ )

4
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3
Fa%R- [4cos’a-—(31r—6a-3sinw)sin a]
(When there is no superpressure.)

Superpressure po (i.e., pressurc at the bottom of the gas
space) increases the pressure uniformly all over the cross-section,
and has no effect upon 3, but it increases F by the area of the
section multiplied by the unit superpressure, or by xR%p,.
The gencral expression for F is therefore:

3
F = aR%; + ég— [4 cos' @ — (37 — 6a ~ 3 sin 2a) sin a] (39)

An important specfal case is when the airship is completely
inflated. In that case, a= — /2, and

M= f ER (40)
F = xR + kR . (41)

Ezxample. Find the longitudinal force and bending moment
due to the gas pressure at a circular cross-section 8o ft. diameter
in an airship inflated with gas lifting .64 1b./ft.3 down to a
level 15 ft. below the horizontal diameter.

sin a = - 15/40 = ~ 378
sin®* a = .1407
a = — 22°t' = — 352 radians
Cos @ = .g271
sin 2a = — .6g52
By equation (38),

.00 4
M= 04—;:49— [9.425 + 2012 + (~ 4.7186 X —~ -6952)]

= 1071,000 ft. Ibs.

By equation (39),

004 X 40°
F= —46L [3.x9 — (9.425+ 2.112 4 2.085) X -—.375)]

5,670 Ibs.

The area of the cross-section of the inflated portion of the
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Figure 34. Gas Pressure Bending Moment and Force Fuactions




ST

120 AIRSHIP DESIGN [Ch 6

cell or envelope is (wR?*/2) — R® (sin « cos a+a), and the per-
centage fullness is

100 X ['1/2 _ (sin o cos g__—{_—_a)"l

The longitudinal force function 4 cos® a— (37— 6a— 3
sin 2 a) sin @, the bending moment function 3w — 6 a+ (2
sin® @ — 5) sin 2 «, and the percentage fullness are all plotted
against « in Figure 34.

Stress in the Fabric

A fundamental formula may be derived to express the
relations between the tensions in an element of fabric and the
pressure upon it.

L

-

h‘\
\\33‘“‘:,.

- dS ey

Figure 35, Tension in a Wire

In Figure 35 let element ds of a fine wire subtend an angle
d @ at its center of curvature. Since the element is short, its
radius of curvature may be assumed constant irrespective of
variations in the curvature of any considerable length of the
wire. By geometry the tangents to the wire at the ends of the
element make an angle equal to d6/2 with the straight line
through the ends of the element. Ii the wire sustains a trans-
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verse Joad p per unit of length, equilibrium requires that this
transverse force be opposed by the tension T in the wire, so
that:

pds = 2T sind?g

Since the sine of a small angle equals the angle,

pds=T4d8 (42)
and df = ?—;— where R is the
radius of curvature of the clement ds.

Therefore P = %
or " T=Rp (43)

In a similar manner, the condition for equilibrium in the
element of arca of a fabric curved in two directions and with a
transverse load of intensity p per unit of area, as shown in
Figure 30, is that:

. do . d
¢ dsy dsg = 2T sin Tl dsy 4+ 2T sin —Z—' dsy
where Ty and T, are the tensions in the two directions per unit

width of fabric. As in the case of a transversely loaded wire
this equation may be reduced to:

AR
“RTR
Or in the envelope of an airship:
_T, T
P=%t% (44)

where the subscripts ¢ and ! indicate that the tersion or the
radius of curvature is transversely or longitudinally as the
case may be.

The equation (44) is in general indeterminate since it con-
tains two unknowns. It becomes determinate when R; is in-
finite because the last term is then zero, or when T is known.
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T may be calculated from the bending moment, the longitudinal
forces, and the geometrical properties of the cross-section of
the envelope at the point where the tensions in the fabric are
desired. The longitudinal tension 7 may be regarded as con-
sisting of two parts superimposed upon each other. The first

Figure 36. Tension in Fabric

is due to the total longitudinal force upon the envelope at the
cross-section considered, and the second part is due to the bend-
ing moment at that section. The first part of T is equal to
the total longitudinal force upon the envelope at the cross-
section, divided by the perimeter of the cross-section, and

e s
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the second part is obtained from the usual formula for the
stress due to bending.

A correction of about 59, to the stresses in the fabric may
be made in most cases to allow for the increased strength de-
rived from the overlapping of the scams. Corrections to ailow
for deformation of the envelope will be considered later.

Where the longitudinal tangent to the envelope is inclined
at an angle a to the longitudinal axis, a correction must be made
for the difference between the actual tension in the fabric and
the component of the tension parallel to the longitudinal axis.
This component is found by neglecting «, and T is equal to the
component divided by cos c.

The total longitudinal force upon a cross-scction of the
envelope is made up of the internal gas pressure, producing
tension, and the longitudinal components of the tensions in
the suspension cables producing compressicn. The total gas
pressure force is equal to the area of the cross-section of the
envelope multiplied by the mean gas pressure, i.c., the pressure
at mid-height of the envelope. The compressive force due to
the suspension cables may be found from the suspension diagram.
The fact that the resultant of the longitudinal forces dvcs not
lie along the longitudinal axis of the envelope need not be con-
sidered, because the effect of the offset position of the resultant
is included in the calculation of the bending moment.

In most problems dealing with the strength of fabric re-
quired in an airship envelope, R, is so much greater than R, that
the last term in equation (44) may be neglected, and the formula
for transverse tension in a cylinder or cone may be used:

T = pR (43)
If R, is neglected, the tapered portion of an envelope should

be considered as consisting of a series of truncated cones. Ia

that case, the transverse radius, Ry, at the point P, Figure 37,
is the length of the line PQ drawn perpendicularly to the longi-
tudinal tangent at P and intersecting the longitudinal axis at
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Q, and not the line PO which is the radius of the transverse
section at P. The reason for this depends upon the theory of
conic sections and need not be discussed here, except ic note
that R, must obviously be determined in a plane which is per-
pendicular and not cblique to the surface at 2.

™~

Figure 37. Transverse Radius of Curvature in Conical Portics of an Alrship

Calculation of shearing stresses. In Figure 38 the smali
quadrilateral abcd having sides of the length dx and dy is subject
to a shearing force of intensity f per unit of length along the
sides ad and b¢c. These forces preduce a couple f dy dx tending
to produce clockwise rotation of the quadrilateral. Equilibrium
requires that this couple be opposed by an equal and opposit.e
one. If the shearing force on the sides ab and ¢d is also of in-

B

2 o TR 7 o S5 R M S

- -

g R i AT

Ch. 6] STRENGTH OF NONRIGID AIRSHIPS 125

tensity f, the couple on the quadrilateral will be f dx dy tend-
ing to produce anti-clockwise rotation. This is the couple
reauired for equilibrium, and it follows that for equiliboum
conditions, the intensity of the shearing stress at any point
must be the same longitudinally as transversely. It is thercfore
permissible to investigate the intensity of the shearing stress
in an airship envelope by considering the shear cither longi-
tudinally or transversely.

o

ahd:-lc

c p

Figure 38. Longitudinal Shear in Nonrigid Airship

Shear longitudinally. Let the total transverse shear force
at the section CC in Figure 38 be F, and let the shear per unit
of length of the fabric be f. It is required to find the value of f
at the interscction of the cross-section CC with the longitudinal-
section LL. '

The total longitudinal stress in the fabric at CC between LL
and the top of the cross-section due to the bhending moment is
in accordance with the theory of bending equal to:

e

;
-%,‘— yR d9
But vy =R cos §
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£ 132
Therefore the integral is ﬂ—[l}\—- jJ;OS 6 do
A ©
= iul—R—i sin @
Similarly the total longitudinal stress in the fabric between
LL and the top of the cross-section DP at an indefinitely small
distance d! from CC is equal to:

(M -—-IdM)R‘2 sin 6
where d3f is the change of the bending moment between CC
and DD. By the theory of shearing forces and bending moments,
the change of bending moment between two cross-sections
equals the integration of the shear between those sections;
therefore, dM = F dl.

The difference of the total longitudinal forces at CC and
DD between LL and the top of the envelope is equal to:
Risinddd R :m ]
I

This difference of the longitudmal forces at CC and DD
must obviously equal the total shear along LL between CC and
DD. 1t follows that:

Fdl

fdl=£;sin6Fdl

In a circular cross-section: I = xR}
F sm L

Therefare f= (46)

Shear transversely. Equatlon (46) may also be obtained
by considering the shear transversely in Figure 39. Suppose
that the section DD moves downward relatively to CC a small
distance dy. This movement has a tangential component
dy sin 6 at LL, and a radial component dy cos 6. The radial

component has no effect upon the stresses in the fabric, but the -
tangential component produces shearing strains and stresses..
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-~

The shearing stress is proportional to dy sin 8, and it follows
that if fm is the maximum intensity of the shearing stress on
the cross-section CC, the intensity of shear at any point on CC
is given by:

J=fmsin g

ou o —

e = = ———— g — =

Figure 39. Transverse Shear in a Nonrigid Airship

The vertical component of the shearing stress is f sin 8, and

. the total vertical shearing force must equal the integration of

the vertical components over the whole cross-section. Therefore:

F= /fsin 0 Rdo

[+]
[‘-‘?
sin? 8 38

/

Yo

=R fu
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=R fur
F
or Ja =1z (47
Foina
and S R (463)

This is the same result as was obtained by cousidering the
shear longitudinally; but this agreement is found to exist only
when the cross-section is circular, which indicates that the
ordinary bending moment formula is strictly applicable only
for circular cross-sections. That is to say, when the cross-
section is other than circular, bending produces a distortion of
the cross-section so that the Navier hypothesis is not precisely
fulfilled.

If a cross-section on a conical portion of the envelope is con-
sidered, the tangentiai component of the shear still equals dy
sin #, and the integration of the shearing stresses also remains
unchanged, so that the value of f is the same as in a cylinder.
The only difference betwecen the cone and the cylinder is that
to a distaunce d/ parallel to the longitudiral axis of the envelope
corresponds a breadth of fabric equal to @//cosa, instead of
equ¢l to dl, where a is the inclination of LL to the longitudinal
axis. A given shearing force produces, therefore, a greater
value of the displaccinent dy in the ratio of 1 : cose for the cone
as compared with the cylinder.

Ellipse of stress. The mecthods of finding the intensity of
the tenston and shear in the fabric longitudinally and transversely
at any point in the enveiope have been investigated in the pre-
ceding sections. The maximum intensity of the stress may not,
however, lic in either of these directions, and it is often desirable
to know the direction and magnitude of the maximum and
minimum tensions. This problem is especially liable to oceur
in the design of reinforcements for the envelope, such as tra-
jectory bands. The magnitude of the tension and shear in
any direction may be determined by a geometrical analysis
known as “the ellipse of stress.”

RN

Ch. 6] STRENGTH OF NONRIGID AIRSHIPS 120

In Figure 40 let OX and OY be two perpendicular coordinate
axes. In an elementary rectangular arca of fabric, ABCD,
having sides paralilel to these axes, let the tensions parallel to
OX and OY per unit width of fabric be T, and T, respectively.
Let the shear be zero in the directions of OX and OY. In the
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Figure 40. Principal Stresses in a Nonrigid Airship Envelope

elementary rectangle ABCD, let the diagonal AC be inclined
to OX at an angle 6, and let the length of AC be unity. Then
the forces upon AC due to the unit tensions 7', and T , are
7, sin § and T, cos 0, respectively. Let the rc>ultant of these

two forces be S, inclined to OX at the angle . Then from the

resolution of forces, Figure 40,
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: S cosd = T, sind
and S sing = T, cosf

520
Whence Rl ,ff)b P = sin%
T z
and 215«];—(? = cos’l
But sin?0 + cos?™ = 1
2 n
Therefore S ;?j ¢ + y;f:‘l ¢ _ 1

This is the equation of an ellipse in which S is the radius
vector, and T', and T, are the axes.

The resultant stress S upon any line of unit length may
be resclved into two components, a tension T normal to the
line, and a shear f parallel to the line. In Figure 40 let « be the
angle between the normal to AC and the direction of S. Then:

=0+ ¢—9°
Also T =S cosa
and J =S sina
- . T, cosd
From Figure 40, tan ¢ T, sind

Example. Given T,= 7 lbs./in., T, = 11 1bs./in., find S,
T, and f upon a line inclined at 25° to OX.
25°, sin 6 = .4226, cos 8 = .go63
X .gob
tan ¢ = > ~ 42;;3’ = 3.37
¢ = 73°28', cos § = .2845
T:sin® 7% .4226
= Tcos ] = .2845
a=0+ ¢ — go® = 25°+ 73°28" ~ go° = 8°28’
T =3Scosa=104X .08 = 10.28 lbs./in.
J=2Ssin a =104 X .1472 = 1.53 Ibs./in.

= r1o.4 ibs./in.

Only in the directions of the axes of the ellipse of stress is
the resultant stress a pure tension without shear, for a= o
only when the stress is considered upon a line parallel to one
of these axes.

a8 gt i 4 0 it
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In the preceding investigation it was assumed that the
directions of the axes of the ellipse were known; but in actual
problems dealing with airship envelopes, the more general case
ic when the longitudinal and trangverse tension and shear
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Figure 41. Teasion and Shear in Any Direction

stresses arc known, but not the directions of the axcs of the
ellipse of stress. The effect of the shear in the longitudinal and
transverse dixections is to rotate the axes of the ellipse to the
directions in which there is no shear. The new axcs give the

o
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direction and magnitude of the maximum and minimum tensions
in the fabric at the point considered.

Suppose that the unit tensions 7', and T, and the unit shear
stress f paraliel to the coordinate axes G and OF in Figure 41
arc known. Let the axes of the ellipse of stress be OX’ and QY
inclined at the angle ¢ to OX and OV, respectively. The tensions
parallel to OX’ and O’ have components in the directions of
OX and OY equal to the known tensions and the shear in those
directions. Let the tensions parallel to OX’ and OY’ be T./
and T/, respectively. By equating the components of T,/ and
T, in the directions of OX and OV to the values of T, and T,
the relations are obtained (Figure 41):

T.dy = T, dycos’y + T dy sin®y

and - Tydx =T, dxcos¥ + T.' dx sin%
These equations reduce to:
T.=T,cos®y + T, sin?y (48)
and T, = T,/ cos®y + T.' sin%y (49)

The shearing force is connected to the tensions by the equation:
fdy= —T.Jdycosysiny + T,/ dysiny cos ¢
or J=(Ty =T )sinycosy (50)
The unknowns, T.', T/, and ¥ may be determined from equatmns
(48), (49), and (50).
By substituting 1 ~ sin%} for cos?} in equation (48):

- T. - T,
S = (s1)
By the same substitution in {4g}:
sin’y = L =T, (
Tyl — T.I 52)
From (31) and (52): :
To+ Ty =T +T/ . (53)

From (50) and (51):
’ T‘ - T’ :’ ¥
- (B2 - (BE) -
( :’Tz') (Tv —Ts)
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Substituting the value of T, from (53):
Jn = T:'? - (T: + Ty) Ts' + Ta Ty
or substituting for T,’: '
flc Tv@"" (T:"i" Tv) Tv'";'T: Txi
From these two equations:
T+ T, VT+ T 4T T, + 4
2 (s4)
The two roots of this quadratic are the values of T,/ and T/

Example. Given T.,= 7 lbs./in.,, T,= 11 Ibs./in.,, and
f = 41bs./in,, find the directions and magnitudes of the maximum
and minimum tensions in the fabric. (Note that from the pre-
ccding analysis these are the directions of no shear.)

The lengths of the axes of the ellipse of stress are from equa-
tion (54) equal to

7+ VG — @ X7X11)+4 X @ _
2

2 Tlor T,/ =

9%+ \/2870 = 13.47 or 4.83 Ibs.fin.

These are the maximum and minimum tensions at the point
considered. It is immaterial which of the new axes is dcnoted
by X’ and which by Y".

Let the minor axis be denoted by X’. Then:

int = —1 — 453 _
sin%y 74 11 — .06 279
sing = .525, and ¥ = 31%42'

That is, the directions of T,” and T, are rotated 31°42

anti-clockwise from the dircctions of T, and T, respectively.

Critical shear. Since fabric is incapable of sustaining com-
pression, folds will begin to appear in the envelope whenever
the tension in any direction falls below zero. It may be seen
from the last example that when a shearing stress is added to
known values of T, and T, the effect is to rotate the axes of
the ellipse of stress and to change their relative lengths. Clearly,
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if folds in the fabric are to be avoided, a limiting value of the
shear stress is when the length of one axis is zero. This will
occur when the quantities outside of and under the square root
sign in equation (54) are equal, ie., when

Tt Ty = V(T + T = 4 T2 Ty + 4 f?
Solving this equation: '

[=VT.T, (55)

which is the limiting or critical value of f.
Deformation of the Envelope
The envelope of a nonrigid airship is subject to two different

kinds of distortion. Stress produces stretch or strain in balloon
fabric just as in any other elastic material, and the envelope is

Figure 42. Tailering of Noorigid Airship Envelope

inevitably more or less deformed by this stretch. Independently
of the stretch of the fabric, the cross-sections are distorted from
true circles by the suspended loads and the variation of pressure
from top to bottom of the cross-section.

Because of the great number of variables which determine
the relation of stress to strain in balloon fabric, the calculation
of the deformation due to stretch is difficult and of uncertain
accuracy. In practice, the probable change of length, the bend-
ing of the envelope, and the increase of the perimeters of the
cross-sections by permanent stretch of the fabric, are best
estimated by experience with similar airships or by experiment
with water models. Bending by permanent stretch may be

[
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corrected by “tailoring” which is the insertion of tapered rings
of fabric, shown in an exaggerated manner in Figure 42, to give
an initial set to the envelope opposite to the anticipated bending.

Experience has shown that the permanent bending may be
much reduced by care of the airship when in the shed. For
example, the most serious bending of modern nonrigid airships
is the so-called “tail-droop” due to the weight of the fins and
control surfaces near the stern where the buoyancy is small.
It has been found that if the weight of the stern is supported
while in the shed, the tail-droop is much less serious than if this
precaution is mot taken.

The transverse deformation due to the suspended loads and
the variation of gas pressure is more susceptible of calculation
and is usually more important than the deformation due to
stretch.

Water models. For an experimental investigation into the
stresses and deformations of nonrigid and semirigid airship
envelopes, a device called the water model may be used. The
idea of the water model appears to have occurred independently
and almost simultaneously in the yecar 1911 to Captain Crocco
in Ttaly, Upson in America, and Booth in England. A scale
model of the envelope of the airship, including the car suspension,
is constructed of the same fabric as the actual envelope. Since
T ~ pR, it is clear that the model will be subjected to the same
intensity of stress as the airship by making p inverscly pro-
portional o R,

Suppose that the model is inflated with air and submerged
in a tank of water by forces applied to the lines representing
the car suspension. In the submerged model, the contained
air and the surrounding water are, respectively, analogous to
the contained hydrogen and the surrounding atmosphere of the
actual airship. In order that the model may be comparable
to the airship, it is required that the fabric tensions at homel-
ogous points of the airship and model be equal to cach other.
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1t is necessary to find a scale ratio # between model and airship
such that this condition will be fulfilled.

Let ¢ and ¢; be points on the airship at a vertical distance 4 apart.

3 o~ P T .
Iet 0! and g% be points oo the modd, homologuds o ¢ and ¢,

respectively.
Let pyand p. be the pressures per unit area at ¢; and ¢, respectively.
Let p; and 2 be the pressures at ¢i and g3, respectively. ;
Let k be the difference between the weights of unit volumes of the
gas in the airship and of the surrounding atmosphere, i.e., the lift of
unit volume of the gas.
Let /' be the lift of unit volume of air submerged in water,
Then by the laws of fuid pressure:

pi=pr+ KW (56)
and br=pt kb (s7)
But A = nk’, and it is desired that » be chosen such that:
P = npL and p3 = np;
Dividing equation (56) by equation (57) and substituting the values
of the primes: '
np npat ¥ Tét

o prt kk

4 '
Whence # = ,1/;; (58)

k' = 62.4 1bs./it3, for fresh water, and if it is assumed
that k& = .063 Ib./it3,

62.4 —
” = 68 = V918 = 30.3

For convenience # is usually taken as 30.0, which corresponds to
k = .0bgq 1b./ft.3 when &' = 62.4 lbs./ft.3
By constructing a model to a scale of 1 /30th full size, and
with a pressure 30 times greater than in the airship, the fabric
tensions due to pressure arc duplicated exactly, and therefore
the deformations due to pressure are duplicated to scale. But
the total deformation of the envelope is the result of the com-
bined effects of the internal pressure and the distribution of
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the load, and the water model as described does not duplicate
to scale the conditions of the full size airship as regards the
load. We have the following relations of model to airship:

Scale: 1/n

Volume: 1/

Unit lift: /= n

Gross lift: volume X unit lift = 1/5

Weight of fabric = 1/%?

It will be seen that the ratio weight of fabric to gross lift is
n times greater in the airship than in the model, and it follows
that the load taken by the suspension will be relatively greater
in the model than in the airship. This may be compensated
approximately by adding weights to the model equal to (1/n —
1/#%) times the weight of its fabric. Similarly, weights cqual to
1/n times the weight of the tail surfaces and other fittings upon
the envelope should be suspended from the model in order to
duplicate as nearly as possible the conditions of the actual
airship.

It is usually inconvenient to submerge the model in water
and the same distribution of pressures may be had by suspending
the model in the air, inverted and filled with water. Upward
forces must be applied to the inverted model equal to the weight
of the envelope of the model plus 1/n times the weight of the
envelope and envelope fittings in the actual airship. The up-
ward forces are usually applied to a longitudinal equaterial
band around the model. An alternative method is to place an
air-sack inside the model, but this is usually more complex and
less satisfactory.

Water models do not reproduce the local strains at the sus-
pension patches of an actual airship envelope. It the patches
in the mode! were scale reproductions of the full size patches
they would have an area 1/x* times full size, but would be subject
to a load 1/# times that of the actual patches. The shearing
stress between envelope and patches would then be #» times
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greater in the model than in the airship, and the patches would
not hold to the model; to overcome this difliculty the patches
are rclatively much larger, incidentally giving the model a
considerable amount of local reinforcoment not present m the
actual envelope.

Calculation of the deformation due to streich of the fabric.
The deformation of structures or machinery under load by
stretching of the materials may be calculated provided the
moduli of elasticity of the materials are known, and provided
the materials are not strained beyond their elastic limits.

For homogeneous matcrials, such as the metals, only one
characteristic, E, known as Young's modulus of (or measure of)
elasticity, is required for the solution of ordinary problems in
elastic stretch or deformation. E is the intensity of stress in
any material required to double the length of a uniform bar of
the material, assuming it to remain perfectly elastic, i.c., assum-
ing the validity of Hooke’s law, that the ratio stress/strain is
constant.

In some problems, the deformation due to shear is required,
and for such calculations, the modulus of elasticity in shear,
Eq isused. Fgyis defined as the ratio of shearing stress per unit
arca to the angular distortion. ‘

For every mctal, E is a very definite quantity, so that the
deformations of metal structures under loads may usually be
calculated to a high order of accuracy. For wood, the values
of & are less definite, and are found to depend semewhat upon
time, so that a wooden structure under load deforms or sags to
an extent which increascs perceptibly with time. A familiar
example of this is afforded by wooden ships, which as they grow
old, usually become “hogged,” i.e., the bow and stern droop
because of the negative bending moment in the hull.

For balloon fabrics, even more than for wood, the deforma-
tion under load is of the nature of a gradual flow, continuing for
days, but approaching asymptotically to a limit, which may be
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regarded as permanent for loads which are more or less constant
during the service of the envelope.

When balloon fabrics are subject to simple tension, it is
found that the ratio stress/strain varies with the intensity of
the stress and the direction in which the tension is applied in
relation to the directions of the warp and filler threads of the
fabric. If there is tension in the fabric in two directions at
right angles to each other, the ratio stress/strain in cither
direction is found to depend on the stress in the other direction.

Professor Darrow, the translator of Haas and Dietzius, used
the term “normal characteristic” to designate the ratio stress/
strain' for balloon fabrics in tension, and owing to the many
variables involved, this scems a more fitting term than modulus
of clasticity. Similarly, the ratio (shcaring stress)/(angular
distortion) is termed the “shear characteristic.”

In ordinary problems upon the deformation of an airship
envelope, the normal characteristic of the fabric in the two
principal directions, longitudinally and transversely, L.e., parailcl
to the warp and f{ller threads of the straight plies of cloth, are
required. Because of the dependence of the normal characteristic
in one direction upon the tension at right angles, it follows that
the value of the characteristic in each direction is represented
by a family of eurves. The shape of these curves for any par-
ticular type of fabric must be determined experimentally, and
since the only cases of much practical value are where the fabric
is given time to approach its asymptotic limit of stretch for the
applied loads, it is obvious that the plotting of the curves is a

long and tedious process.

The shear characteristic is even more complex than the
normal characteristic. It is found that the distortion due to
shear varies irregularly with the intensity of the sheur and
the tehsions in the two principal directions. If the shear char-
acteristic depended only upon the intensity of the sheur and
ore of the principal tensions, the shear charactenistic would
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be a family of curves; but since it depends upon both principal
tensions, it must be represented by a family of surfaces.

The report by Haas and Dietzius contains detailed descrip-
tions of experimental mietliods which they empioyed to defermine
the normal and shear characteristics of airship fabrics.

. In determining the normal characteristic, the fabric is loaded
in such a manner as to apply tensions parallel to the two principal

Figure 43. Method of Testing Normal Characteristics of Fabric

directions, and the variations in length in these directions are
measured. The most simple procedure is to apply weights to
a flat cruciform piece of fabric as shown in Figure 43. Another
method is to apply hydrostatic pressure to the inside of a fabrc
cylinder combined with an axially applicd load by means of
weights in order to vary the ratio of longitudinal to transverse
stress. The fabric cross method has the disadvantage that the
tensiorr is not uniform owing to distortion of the fabric in the
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manner shown in exaggerated form in Figure 43. Haas and
Dictzius used auxiliary clamps to pull out the corners, but even
so, the distortion of the fabric and inequality of tension could
not be entirely climinated. Experimental determination of the
normal characteristic by means of hydrostatic pressure in a
fabric cylinder is probably more accurate than the fabric cruci-
form: method, but the apparatus is more complex, and troubles
are apt to be experienced with twisting of bias fabric; and
finally, the calculations are somewhat laborious because the
transverse tension cannot be assumed to vary dircctly as the
hydrostatic pressure owing to the fact that the diameter is also
found to vary with both the pressure and longitudinal tension.

Since the normal characteristic of a fabric consists of a
family of curves for each of the two principal directions of
stress, a great number of points must be plotted. Each observed
stress/strain relation gives a point for cach of the two families.
The time factor must be eliminated so far as possible by giving
the fabric several days to stretch under the load. MHaas and
Dietzius found the most satisfactory procedure was to determine
each point from a separate cross of fabric, rather than all the
points from one cross, or each of the curves from one cross.

The shear characteristic was determined from torsion tests
on fabric cylinders subject to hydrostatic pressure.

Given the normal and shear characteristics, the calculations
of the distortion of the envelope by bending and shear arc in
principle just as in loaded beams. The curvature of the longi-
tudinal axis by the bending moments is given by the usual
equation for the curvature of elastic beams:

o M (59)
dx*  EI )

The mathematical solution of the curvature is extremely
laborious because Af, E, and I are all variable along the en-
velope. E is the normal characteristic of the fabric, determined
by experiment. The calculation is further complicated by the
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fact that 7 is increased beyond that of the designed circular
cross-sections by both the stretch of the fabric and the distortion
of the shape of the cross-scctions. Given the longitudinal and
transverse tensions, the increase in the perimeter of the cross-
sections can be determined from the normal characteristic.
The distortion of their shape will be considered presently.

The envelope will also change somewhat in length by stretch-
ing. Haas and Dietzius found that the length decreased owing
to the transverse tension being approximately twice as great as
the longitudinal tension. American nonrigid airships have been
found to increase in length.

The distortion of a beam due to shear is usually neglected;
but in an airship the distortion by shearing is of the same order
of magnitude as that by bending. The curvature of the longi-
tudinal axis by shear is given by the equation:

dy _ (60)
dx

where 7 = the angular distortion of the axis at any point.
The shear characteristic, Eg, is defined as the ratio of the shear-

ing stress per unit length to the angular distortion, and it may "

be seen from this definition that:
A

Substituting the value of f. given by equation (47):
F (61)

The total deformation of the longitudinal axis of the en-
velope is the sum of the deformations due to bending and shear.
Because of the difficulty and uncertainty in determining the
normal and shear characteristics of airship fabrics, and the great
labor involved in the calculation of the curvature of the
axis even when the characteristics are known, the practical
determination of the longitudinal distortion to be expected in
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any new design of airship is almost invariably done by measure-
ments on a water model.

Caleulation of tho doformation of the cross-section.  In Coit-
sidering the trausverse deformation of a nonrigid envelope,
the case of a cylinder or a cone only will be investigated. The
problem is thereby very much simplified, and the results attained

are sufficiently accurate, because the lohgitudinal radius of

Fig?xre 4:. Effect of Shear upon the Shape of the Cross-Scction
curvature is always so much greater than the transverse radius
in that portion of the envelope where the deformation is appreci-
able, that the transverse tension in the fabric is practically
independent of the longitudinal tension and curvature. The
transverse forces acting upon the cross-section are the gas
pressure, the weight of the fabric, the shear, and the component
of the suspension in the transverse plane.

In Figure 44 let MM and NN be two cross-sections at unit
distance apart. Let the shaded strip of {abric subtend the angle
d§ transversely at the longitudinal axis. :



144 AIRSHIP DESIGN [Ch §

Let R = the transverse radius ,
? = intensity of gas pressure per unit area upon the
shaded part :
w = weight of fabric per unit area
% = lift of the gas per unit volume
W = suspended load between MM and NN
Frand F; = total transverse shear forces at M3f and
NN, respectively
Ty and T, = transverse stresses in the fabric per unit

widtt. respectively above and below the shaded
portion
S = F'z hnd F1
aT =T, ~ T,

The area of the shaded strip is R df and the weight of fabric
initisw Rdp. This weight has tangential and radial components,
w R sinf d§, and w R cosg df, respectively. The radial com-
ponent acts in the direction of the gas pressure in the lower
half of the envelope, and against the gas pressure in the upper
half.

From equation (45) when the longitudinal curvature is
neglected, the transverse tension in the fabric is given by
p=T/R I account is taken of the weight of the fabric,
another term must be added to allow for the effect of the radial

Component of the weight acting with or against p. From the

expression just derived for this component, and modifying
equation (42), we have:

PRAO+wRcos0d = T ds

Whence PEweosd = 17—; (62)

The shaded strip (Figure 44) must be in equilibrium with
the tangential forces acting upon it. These forces are the
difference in the transverse tension above and below it, the
tangential component of the weight of the fabric, and the differ-
ence between the shearing forces along its edges on M3 and
NN. The difierence in the transverse tensions js ¢y the tan-
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gential component of the weight of the fabric is w R sin 6 ddi@
The difference in shearing forces may be c.alculatcd from the .
total shearing forces on M3 and ViV obta.}ncd from cgu:v.‘thlon
{46). Let s=: change in shear per unit width of fabric from
J\C’H‘VI to NN. From equation (46):
' (F,—F.)sin@xSsinB
= 7 R R -

The tangential component of the differefxces in the shear;ng
forces upon the two ends of the shaded area is, thc.:rcforc, sRdo,
and the equation of equilibrium of the tangential forces upon

. .
a
t 15 area 18

dT=sRdo+wRsin0d§
_Ssin0db Resinods
T

z(..f-{.wR)sinﬂdH

If T,= the transverse tension at the top of the s.ec.txon, the
transverse tension at a point along the envelope a distance R 6

from the top is.given by:

TwT,— [.(§+wR) sin 0 d6

=T,—2:‘§r‘+wR) (x—cosO) (63)

If p. is the gas pressure at the top of the section, the pressure
at a point on the envclope a distance R0 from the top is given
by:

¢ p=2p0:— kR (1 — cosb)

Consider the case when W =0, then S+ 2w rR=%k~ R,
e, the gross [ift of the volume of gas between 33f and VN is
bzd:?.nced by the shearing force and the weight clyf the fal.mc.
Let R; = the transverse radius at the top of the sectxon: Letitbe
assumed that the cross-section is circular, and upon this assurmp-
tion calculate the values of the pressure and tension at any point,

s
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and from these values calculate R; if R = R, the assumption of

t}'le circular cross-section is justified. From (62) and (63) the
given equations are:

R, = T oI
P;—WCOS& p.—-w
T
or = !
P R,+w
R T

="p—wcosﬂ
S
T= T.—(;»+wR‘) (1 —cos 8)
P=20i—k R (1 —cosb)
S+2er=kn—R’,or-§+ngukR".-—wR.
From these equations it follows that:

S
_ T,—-(;+wR‘) (x — cos 8)
Pe— kR (1 —cos0) —w cos §
Tg—(kRzl-WR¢) (I'—COSB)

T
k—:+w5kR,(x—cosE)—wcosﬂ

- R{Ti\— (kR — wR) (1 = cos 6)]
T+ (wR,— kR,) (x — cos 8)
=R,

This proves that when there are no concentrated weights

or suspension forces upon a length of the envelope and the -

gross lift is absorbed by weights distributed uniformly around
the cross-section, and by shear, the cross-section remains
circular.

Another special case occurs when the transverse tension in
the fabric is constant all the way around the cross-section
except for changes at the points of attachment of the suspensior;
cables. This case occurs when the gross lift equals the sus-
pended load. The weight of the fabric is then taken by shear,

QA i = et s 1 s e

.
e ol SRS

Ch. 6] STRENGTH OF NONRIGID AIRSHIPS 147

and equilibrium of the shaded area in Figure 44 requires that T
be the same above and below the area. This special case is most
likely to occur in semirigid airships, particularly if the weight
of the fabric is neglected, because the tensions in the suspension
cables are adjusted to act with the keel to distribute the loads
along the length of the envelope in proportion to the lift. The
product, R p = 7, is then constant over the cross-section above
the points of attachment of the suspension cables to the en-
velope, or of the envelope to the keel in semirigid airships, and
since p is proportional to the height, the curve of the cross-
section is the lythenary:

C T
R=% orR=%
5 or 1"

The value of the constant 7 may be found by trial and error,
plotting curves with assumed values of T and p, until a curve
is found having the known perimeter and fulfilling the necessary
conditions. In a nonrigid airship without internal rigging these
conditions are that the ends of the curve be normal to the
vertical center line; and that at the point of attachment of the
car suspension lines to the envelope the value of T changes by
the amount necessary for equilibriumn with the suspension force.
In a semirigid airship the position at which the lower end of
the curve terminates on the keel is a known condition. The
mathematical solution of this case has been obtained by W.

by Blakemore and Pagon (Ronald Acronautic Library). Pagon
has greatly simplified the task of plotting the shape of the cross-
section, by means of an ingenious scries of curves which can be
used to solve almost any case for semirigid airships. ,

As an alternative to the mathematical solution of the problem,
the mechanical method proposed by the Italian designer,
Colonel Crocco, may be used. This is based on the principle
that the radius of curvature of a batten or spline of uniform
cross-section made of homogeneous material, and free from
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fnitial bends, is inversely proportional to the bending moment.
in the batten, in accordance with the fundamental equation:
M

-
L4

Rk N

X hY NS
[} A A AT

Figure 45. Mechanical Method of Drawin
Pressure

g Cross-Sections distorted by Gas

If in Figure 45 such a batten is held by pins at points 4, B
and ‘C, of which 4 lies on the horizontal axis 0OX, and B on,thc:
vertical axis OY, the bending moment at points on the batten
between 4 and B are directly proportiona! to the vertical dis-
tance from B, and the radius of curvature of the batten is in-
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versely propartional to that distance. At .4 the bending moment
is zero, and the radius of curvature is infinity. The curve of
the batten between 4 and B conforms thercfore to the equation,
R=C/5 Suppese that it is desired to draw the cross-section
of the envelope of a semirigid airship having no internal riggzing.
It is assumed that the perimeter of the cross-section and the
position of the point D where the envelope intersects the keel,
and also the gas pressure at the bottom of the envelope are
known. The axis OX is chosen at a distance below the envelope
representing the line of zero pressure, i.e., if an appendix opening
into the euvelope were extended downward, the internal and
external pressurcs would be equal at OX. If p, is the pressure
at the bottom of the envelope, and , the distance from OX to
the bottom of the envelope, = ky;, or y1 = p/k. Ii the en-
velope extended down to OX, the radius of curvature at OX
would be infinite, just as it is in the batten. The curve of the
cross-section passes through D, and the top is normal to OF;
the position of the top is not yet known, but it is assumed to
be at B (Figure 45). The pin at A is then moved along OX to
some point 4", and the pin at C to some point C’ such that the
batten passcs through D and is normal to OX at B. The curve
of the batten then necessarily fulfills all the conditions except
the perimeter.  The perimeter is measured, and if found to be
correct, the curve is the one desired. If the perimeter is too
small or too great, the point B is moved up or down along OY
to B’, and the points 4 and C readjusted to maintain the re-
quired conditions at D and B’, and the new perimeter measured.
By successive approximations in this way, the true curve of the
cross-section is found. '

Two important special cases have now been investigated.
Particular attention should be given to them because the mis-
take is often made of thinking that the second case, when -
Rp = constant, is the general case; and the cross-section cbtained
from that formula is sometimes called the “natural section,”
and it has even been proposed to build rigid airships with the
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cross-section curved in that manner. In reality, the first special
case, when the lift is taken by shear and loads distributed

around the circumference, is most likely to apply to rigid air-
ships, except. at the trancverce frames,

The General Case of the Shape of the Cross-Section

In the general case when the conditions of neither of the
two special cases are fulfilled, the second special case may be
made to apply by assuming an equivalent lift of the gas, deter-
mined in the following manner:

It is assumed that the known quantities are w, Py, and the
perimeters of the section above and below the attachment of
the suspension cables, and the force and direction of the pull
of the suspension cables per unit length of the envelope at
the cross-section under consideration. In accordance with the
principle established by the first special case, the shear and
the weight of the envelope produce no distortion of the
cross-section. The equivalent unit lift of the gas is equal to
the vertical component of the suspension force per unit length

of the envelope divided by the area of the cross-section. The

shape of the cross-section may then be treated similarly to

the second special case, using the equivalent lift instead of the -

ectual Lift of the gas.  As the suspension force approaches zero,
so docs the equivalent lift, and consequently the level of zero
equivalent gas pressure approaches an infinite distance below
the envelope (since p, is assumed as a given quantity); but in
practice, when this level is too far below the envelope to be con-

veniently handled, the cutves of the cross-section are so nearly -

circular arcs, that they may be drawn as arcs without serious error,

In these methods of finding the shape of the cross-section,
either in the general or special cases, each cross-section is con-
sidered independently of its neighbors, so that discontinuous

longitudinal distribution of the lead would tkeoretically cause '

3n ¢L

2brupt changes in the shapes of successive cross-sections. This

-
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is obviously impossible because of the longitudinal stresses
which would be produced. The difficulty may be overcome in
practical computations by assuming the suspension force per
amit length of tie envelope is the mean value of the force for a
considerable distance forward aund aft of the cross-section under
consideration. ’

In practice the shape of the cross-section is hardly ever com-
puted elsewherc than at the maximum diameter, unless one of
the simple special cases is known to apply.

EBreathing Stresses

The greater the internal pressure, the more nearly circular
are the cross-sections; and it follows that the shapes of the
cross-sections and of the vertical meridian plane through the
envelope of a nonrigid or semirigid airship will vary with the
gas pressure. The lower the pressure, the higher and narrower
are the cross-sections, and the more deeply curved are the

‘vertical meridians. In nonrigid airships, this varying shape

introduces no particular stresses; but in a semirigid airship
in which a fabric envelope is attached to a rigid kecl, the shape
of the bottom of the envelope is constrained, and its tendency
to change its longitudinal outline with varying pressure pro-
duces important stresses in the keel. An investigation with
strain gages in the semirigid airship RS-1 showed greater stresses
were produced in the keel by a half-inch variation in the gas
pressure than by the acrodynamic forces in very reugh air.
This type of stress was first discovered by W. Watters Pagon,
who gave it the name “breathing stress.” The subject is {ully
discussed in “Pressure Airships” by Blakemore and Pagon,
(Ronald Acronautic Library). The mathematical determina-
tion of the magnitude of the breathing stress is so diﬂicqli that
water-model study is almost a necessity in the design of a semi-
rigid airship. Figure 46 shows a water model of the RS-1. The
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method of suspending the model, and the instrument for measyr-
ing the curvature of the keel may be noted.

The bi-lobe shape of the RS-1 (Figure 47) induces large
breathing stresses. A tri-lobe shape which should almost en-
tively eliminate these stresses is also shown in F igure 47. The

= CURTAIN

T KERL.

Midahip section of RS~1

Proposed section for semirigid airship
Figure 47. Cross-Sections of Semirigid Airships

vertical curtains from the lobe-ridges 4 and B, and the hori-
zontal curtain between them, fix the positions of these points
with respect to the keel, so that breathing stresses are induced
only by the comparatively minor variations in the curve of the
sides of the cross-section AC and BD. The rigid keel is repre-
sented by the triangle CDE, which is external to the envelope
as in Italian practice, instead of internal as in the RS-1.
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CHAPTER VII
LONGITUDINAL STRENGTH OF RIGID AIRSHIPS

Calculation methods. The calculation of the stresses re-
sulting from given primary shearing forces and beuding moments
has been the subject of more literature and discussion than any
other .problem connected with the design of rigid airships.
Exact computations of these stresses are desirable, but owing
to the extrasordinarily high degree of redundancy of the hull
structure, such computations must he based on the principle of
least work, or on some equivalent method of deflections involv-
ing the elastic propertics of the entire structure. The applica-
tion of such methods to the hull as a whole has been found im-
practicable owing to the great number of unknown tcrm§ and
equations involved. Even the exact calculation for the simple
case of a hesagonal braced structure, five frame spaces in length,
and with symmetrical loading, requires the solution of ten
simultancous equations. Furthermore, the solution involves
differences between quantities very nearly squal, so that unless
the numerical work is correct to six or seven significant figures,
very considerable errors are inevitable in the results.  An exact
computation of the stresses in an airship structure would be
vastly more difficult than in the comparatively simple casc of
the hexagonal braced tube, even if the modifications introduced
by the rigidity of the joints are neglected. Since exact computa-
tion appears to be impracticable, an approzimate solution and
a measure of the degree of precision of the approximation must
be sought.

The primary structural members of the hull of a rigid air-
ship are ordinarily the longitudinal and transverse girders, and
the diagonal wires, called shear wires. The first Schiitte-Lanz

153
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airship had girders running spirally around the hull in place of

the usual longitudinal girders and shear wires. Owing to the
great complexity of the spiral construction, it has never been

P i O P T TETT I W P T T T 7 e e av
repeated and it will be meglected in our study. 1 geiicral, ilie -

longitudinal forces due to the bending moments in the hull are
opposed chiefly by the longitudinal girders (or more simply,

Figure 48. Illustrating Shear and Bending Stresses in Rigid Airships

the “longitudinals”); and the shearing forces are opposed by
the shear wires. RBut the shear wires also play a considerable
part in the longitudinal forces; and the longitudinals if carried
continuously across the transverse frames offer an appreciable
resistance to the shear, .

The usual methods of calculating the stresses in the longi-
tudinals and shear wires are based upon the only approximately
true assumptions, that plane transverse sections remain plane,
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that the longitudinals take all the longitudinal forces, and the
shear wires take all the shear. Two methods of computation
are fairly well known and have been described by Lewitt and
other writers. These may be called the methods by bending
moments and by transverse shears. They are analogous to the
two methods of calculating the shearing stresses in a nonrigid
airship, described in Chapter VI. In the calculaticn by the
bending moment method, the fiber stress and the total forces
in the longitudinals are obtained from the bending formula:

M f

Ty
And the forces in the shear wires are obtained from the longi-
tudinal shear betwecen the longitudinals.

By the method of shear, the forces in the shear wires due
to the transverse shearing forces in the hull are first calculated,
and the forces in the longitudinals are obtained by sunumation
of the forces applied by the shear wires at the joints.-

The procedure by the two methods will now be described..
In Figure 43, let AB and CD be two consecutive main transverse
frames in the hull of a rigid airship. '

Let L = length of the shear wires
¢ = inclination of the shear wires to the longitudinals
7 = distance between the main transverse frames
8 = inclination of the longitudinals between AB and
CD to the longitudinal axis of the hull
A = cross-sectional area of a longitudinal girder
M, and M, = bending moments in the hull at frames
AB and CD, respectively
F = transverse shear, assumed constant between
frames AB and CD
Iy and I; = moments of inertia of the cross-sections of
the hull at frames AB and CD, respectively
y1and y; = distances of the center of gravity of any
longitudinal from the transverse neutral axis of
the hull at frames 4 B and CD, respectively
T = tension in a shear wire )
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From the bending moment theory, the forces in any longi-
tudinal at frames 4B and CD are, respectively: M4y,/I) and
3MAy./I,. In Figure 48 the longitudinal forces above the panel
abds at these frames are, respectively: -

MiZdy o MiZdy,
I I,
where the summations are taken over all the longitudinals above
the panel abdc. The difference between these two sets of forces
is the longitudinal shear taken by the shear wire ad and the
corresponding wire on the opposite side of the hull. The longi-
tudinal component of the tension in the shear wire is T cos ¢
cos 8, and this is equated to the longitudinal shear, giving:

A[le M ﬂ{zz/t Y2 '
I I (64)

2T cos ¢ cos B =

where, as before, the summations are taken over all Jongitudinals
above the panel abde; and if A is constant between transverse
frames:

Is 9% ZAdy:  m

doids 2

I; ytl an EAyl 41

;[t follows that: “
ﬁ!]SAyl A[:EA}’: _ y; EAyl
7 . (Ml . 2) =7

| (41— us ﬂ)z,qy, 0o
= v (65)
2l cos¢icos B ..

By the theory of bending moments the integration of the
transverse shear along the hull gives the magoitude of the
bending moment, so that Af; — 3f; = Fl. In the paralle]l por-
tion of the hull y;/y; = 1, and cos 8= 1, so that equation (63)
may be reduced to:

and

Fizdy

27 cos ¢ (66) -

This is the expression for the tensions in the shear wires
by the bending moment method.
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For the method of transverse shear, the following notation
is added to that given above for Figure 48:
Let Ay = small displacement of frame CD parallel to frame
AR due ta tha action of the shearing force F
AL = increase of L due to the small movement Ay
§ = transverse inclination of a panel to the horizontal
a = cross-sectional area of a shear wire
E = modulus of elasticity of the material of the shear
wires
The displacement Ay has a component Ay cosd normal to the
panel, and a component Ay sinf paralicl to the panel. Only the
component Ay sing throws tension into the shear wire. From the
elastic properties of materials:

EaAL
T = 7
And by geometry:
AL = Ay sinf sing (67)
E a Ay sind sing .
Hence: T = _,____y_i____ (68)

It is assurned that the movement Ay is wholly due to the
yielding of the shear wires, and hence the work donc‘ by 'the
shearing force may be equated to the work done in the wires; L.c,,

FAy=ZT AL (69)
where the summation is taken over all the shear wires between the
frames or transverses AB and CD

From equations (67), (68), and (69):

P=EAy: %sin’() sin*é

or
Ay = (70)
LTI PR
EZ Zsm 0 sin’¢
From equations (68) and (70): . .
' T F asinfsin ¢ (1)
Lz % sin%§ sin®¢ .

[P N,
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If L and ¢ are the same in all the panels between the frames con-
sidered, equation (71) may be reduced to:

Fasng

= G o%asino (72)

And if g is also constant, the expression may be still further reduced to:
Fsin 0

r= Fonl (13)

sin ¢X sin%

This is the method of transverse shears for calculating the
tensions in the shear wires. To find the stresses in the longi-
tudinals it is necessary to go through the tedious process of
summing the forces applied by the shear wires to the longi-
tudinals at the joints with the transverses.

Equations (66) and (73) for the tensions in the shear wires
depend upon different scts of variables and do not, in general,
give the same values of T.

Both the shearing and bending methods have had their
advocates. Colonel Crocco of the Italian Central Aecronautic
Institute adopted the bending method. E. J. Temple, formerly
of Vickers, Ltd., favored the shearing method. The late C. I. R.
Campbell, designer of the R-38, adopted the compromise pro-
cedure of applying the bending theory for the stresses in the
longitudinals, and the shear theory for the stresses in the shear
wires. It is believed that E. H. Lewitt publishcd the first dis-
Cusaioit Of LUUF tiese aictivets o l.nlt.u}u-,u—:s‘"l.uﬁ luu_r__;uudum'}
strength of rigid airships. His articles on the subject appeared
in the British aviation magazine, Aeronauiics, during 1919 and
1920.

Modification of the bending theory. The U. S. Navy De-
partment retained Professor Wm. Hovgaard, of the Massa-
chusetts Institute of Technology, in an attempt to place the
theory of the longitudinal strength of rigid zirships on a Srmer
basis than was evinced by the discordant theories of shear and
bending. Professor Hovgaard declared himself in favour of

the bending theory; but he pointed out that thgre was 2 funda-

mental error in the assumption that the longitudinals take all

‘, =~ &=l 11
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the bending forces; and he showed that the lengthening or
shortening of the panels, due to the bending of the hull, throws
forces into the shear wires, and the longitudinal components
of these forces contribute to the strength of the hull against
bending. Professor Hovgaard suggested that the assistance
given to the longitudinals by the shear wires be calculated by
assuming fictitious bars coincident with the longitudinals, and
of the same material, and to be included in the calculation of the
moment of inertia of the cross-section of the hull. He showed
that the areas of the fictitious bars could be computed by the
formula:
As = qa cos’ (74)
where
Ay = the cross-sectional area of a fictitious bar
¢ = the ratio of the modulus of elasticity of the material of
the wires to that of the girders
@ = the cross-sectional area of the wire or wires on one side
of a joint
¢ = the inclination of the wires to the longitudinals
Professor Hovgaard has published his views in a paper,
“The Longitudinal Strength of Rigid Airships,” read before the
American Society of Naval Architects and Marine Engincers in
November, 1922, -

t il mvey ba abhauwm that i allamenesn ha wanda foae tha
¢ Wi 0O0W oC 5a0wn UAAT U GLOwants oo mpage ot ng

bending forces taken by the wires, the actual stresses in both
the longitudinals and the wires will lie between the limits deter-
mined by the methods of shear and bending.

Since the forces in the longitudinals are due to the forees
applied by the shear wires at the joints, it is possible to choose
shear wires proportioned to any system of longitudinals in such
a manner that the tensions in the wires will so load the longi-
tudinals that the frames remain plane.

When there is no distortion of the frames, the conditions are
satisfied for the stresses in the longitudinals (and in the wires
due to the bending) to be correctly given by the bending theory,
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and for the stresses in the wires due to the transverse shear to be
correctly given by the shear theory. Since the forces at the
joints must be in equilibrium, the stresses in the wires in this
case are also in accordance with the longitudinal shear as deter-
mined by the bending theory; and the stresses in the girders
are in accordance with the forces applied by the wires to the
joints as determined by the shear theory. It follows that when
the sizes of girders and wires are so proportioned to each other
that the frames remain plane, the stresses are correctly given
by either the shear or bending theory.

Suppoese now that a longitudinal be replaced by a new one of
different cross-sectional area without other change in the struc-
ture. The new longitudinal will yield either more or less than
the old one, under the forces applied by the shear wires, accord-
ing to whether it is smaller or larger than the old one. If it is
larger and yields less, the unit stress and total force will be less
than by the bending theory; and conversely if it is smaller. At
the same time the smaller yielding of the larger longitudinal
will cause an increase of the forces applied to it by the shear

wires, so that the total force in the longitudinal will be greater

than by the shear theory.

It is thus evident that if the new longitudinal is larger than
the old one without other change in the structure, the force in.
it will be less than by the bending theory and more than by the
shear theory; and conversely if it is smaller.

By a similar argument, it may be shown that the tensions
in the wires lie between the limits determined by the shear and
bending theories. No precise rule is known for determining
where the stresses will lie between these limits ; but, in general,
large bending and shearing forces are not found in the same
frame space, and where the bending moment is relatively more
important it may be expected that the ‘stresses in the longi-
tudinals will be more nearly in accordance with the bending
than the shear theory. Where the shearing forces are relatively
more important it may be expected that the tensions in the shear

i g o g
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wires will approximate more closely to the shear theory. As we
are most concerned with the girder stresses where the bending
is large, and with the wire stresses where the shear is large, the
practice of calculating the girder stresses by the bending theory
and the wire stresses by the shear theory has much to recom-
mend it, aithough it is likely to lead to an overestimate of the
maximum S{resses.

Table 15 shows a typical calculation of the tensions in the
shear wires of a frame bay by mecans of the shear theory. The
tensions are expressed in terms of the total transverse shear F.
Tables 16 and 17 show the application of the bending theory
to the calculation of the stresses in the longitudinals in terms of
the bending moment M.

TABLE 15. STRESSES IN THE SHEAR WIRES IN TERMS OF THE SHEARING
ForcE F, At THE MmsHir SecTioNn oF THE U.S.S. Shenandoah

a (¢] L . . Q
Panel ins deg. in. 5in © sin ¢ i T/F
MAIN SHEAR WIRES
AC | .o0%17 14.25 229 .2462 .5075 .56 .0308
CE 00817 42.75 229 6788 L5075 4.38 Ao"s,\:o
EG .orons T1.25 219 .0469 .5075 10.52 L1482
Gl .01021 80.25 229 .9855 .5075 11.20 L1542
1.y 01931 s 7% zny NIV L3978 7.10 L1228
KN .oo817 23.35 229 3047 .5075 1.44 .0494
MN .o1021 57.3 362 .8415 848 | 14.03 L1354

SECONDARY SHEAR WIRES

AC L00518 14.25 308 .2462 .7638 .6o .0220

£ 00515 42.75 303 .6758 27638 | 4.54 -ofioy

EG L00515 71.25 305 .G469 L7638 8.33 -042

GL L0631 8a.28 | 305 .9853% .7638 6.56 L0578
{ ‘ 2Q - 2 X 73.5% = 145.T

Q = 1,000,000 X (a/L} sin®0 sin’p
T - sin © sin ¢ -
F L Z Q/1,000000
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TABLE 16. MOMENT or INERTIA OF THE MIDSHIP SecTION OP
U. 8. S. Shenandosh

Longi- | Type Area Height n Al Al
tudinal No. in? m. m? m. in? m.? in?
A 56 .166 11.82 139. 71 1.96 23.19
B 21 .211 11.53 132.04 2.43 28.04
C 54 .287 10.39 107.95 2.98 30.08
D 21 L211 8.74 76.29 1.84 16.12-
E 54 .287 6.44 41:47 1.85 I1.90
F 21 .211 3.83 14.67 .88 3.008
G 54 .287 0.93 0.86 .267 . 247
H 91 L2101 - 2.02 4.08 .426 861
L g4 .287 —4.81 23.14 | ~1.3% 6.641
J oI .11 —-7.34 53.88 | —1.55 11.37
K 54 .287 ~9.38 87.08 | —2.69 25.25
L 0z .258 - 10.83 I17.2 - 2.79 30.26
M 55 .305% — 11.67 136.19 | — 3.56 41.54
N 43 L1601 - 8.76 76.74 | —1.41 12.36
0 - 31 JIII —11.64 135.49 [ —~1.29 15.04
P 72 .336 —9.66 93.32 | —3.25 31.36
3.827 -~ 5.36 288.25

Neutral axis is 5.36/3.827 = 1.40 m. below the geometrical axis. Moment of
inertia, I, about neutral axis is

I = 2[288.25 — (1.4?’ % 3.8270]

, = 501.50 m.? X in. ,
NoTe: The measurement of the major linear dimensions in meters and the
-arcas of the girders in square inches is very convenient in spite of its st'range ap-
pearance. The bending moments are mecsured in meter-pounds, and the stresses
come out in pounds per square inch. '

Experimental determination of the stresses in the longi-
tudinals. The Bureau of Acronautics has had the stresses in a
celluloid model of the Shenandoak determined photoclastically.
In this method of investigation, polarized light is passed through
the members to be studied under load; and the celluloid trans-
forms the polarized light to colors, depending on the intensity of
the stress. The technique of this method of experimentally de-
termining stresses has been so well developed that great accuracy
can be attained. The applicability of the model results to full
scale in an indeterminate structurc depends, of course, on
sccuring elastic similarity by carefully proportioning the parts
of the model.
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TABLE 17. STRESSES IN LoNcrrupbiNats AT THE Mipsure SucTioN oF
U.S.S. Skenandosh v TErMS OF THE BeENDING MosmenT M

Area Height from A — .
Longitudinal 2 Newtral A Ui firgss | Mot} Load

A <332 13.22 .0235 .00;83
B .211 12.03 .Q230 00485
C .287 11.79 .0210 0000 §
D 211 10.14 018z 00352
E .287 7.84 . 0140 00401
F .21 5.23 L0003 00196
G .287 . 2.33 004K .coti8
H L2118 - 0.0z —.001t — 00023
1 .287 —~ 3.41 -~ 0201 —.00175
J L3211 - 5.94 —.0ich —.00224
K .287 - 7.98 ~.0142 — 00403
L .258 — 0.43 —.0168 — 00434
M .30% - 10.27 —.0183 - 00558
N .323 —7.36 - .013I -, 00423
0 222 - 10.24 -~ .0182 —~ .00404
P .336 -~ 38.26 —.0147 -, 00404

Unit stress (pounds/inches?) = bending moment (meters X pounds) X height from

neutral axis (meters) + moment of inertia (meters® X inches®). '
In this table, A{ = one meter-pound.

The celluloid model of the Shenandoah, as originally con-
structed, represented seven main frame bays of parallel middle
body. It was found that the stresses in the longitudinals ap-
proximated to the shear theory. One end of the model was then
completed to represent the stern of the ship, and Icaded com-
parably to air forces on the tail surfaces. It was found that
the added length, and the constraint imposcd by the tapered
end on the distortions of the frames caused the stresses to be
more nearly in accordance with the bending theory.

Experiments with strain gages on the longitudfnals of the
U.S.S. Shenandoak and Los Angeles have shown that the stresses
resulting from the aerodynamic forces in flight approxirate to
the bending theory.

Inverse ratio method. A procedure, to which the name
“Inverse ratio method” may be applied, takes better account of
the interaction of the longitudinal members and the shear wires
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than any of the methods previously described. It is based on the
principle that when a given external load is borne by 7 systems,
each of which is statically determinate, these systems leldt‘
the load betwcen them in inverse ratio to their internal work
when each alone carries the load, In mathematical symbols:

qux -q:Qa= ......... =»-q,,Q,..

Gt @E+ . Lo +ga=1

where Q = the internal work in any system when alone carrying
the given load; and g = the fraction of the given load carried by
any one of the statically determinate systems when all are act-
ing. The subscripts are used to designate the different systems..
It is obvious that the sum of the ¢ terms is one. A proof that
¢1 Q1= @2 Q2 is as follows: The work in a structure not strained
beyond the proportional limit varies as the square of the applied
. load. Therefore the work in each of the statically determinate
systems when all are acting is ¢%Qy, ¢% Qs, etc. The work in
each system is also ¢,Fx/2, ¢.Fx/2, etc., where F is the total
applicd load, and # is the deflection of the system at the point
of application of F. Combining these twe sets of expressions
for the work in each system:

and

g1 Q1 = qFx/2
T Qs = qFx/2
etc. etc.

Dividing through by the ¢ terms, the right hand expressions
all become Fx/2; and ¢ith = ¢:Q-, etc., which proves the prop-
osition. ,

An alternative proof that the load taken by any two statically
determinate systems is divided between them in inverse ratio to
their internal work when each alone takes the load, may be
derived from the principle of least work, as follows:

When there are two systems sharing a given load, g; =1 — 1’
and as before, the total work is

W = ¢80 + %02
= @01+ (1 ~ 1) Qs
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‘i—;‘ = 2q:Qy + (2q1 — 2) Q:

= o for minimum strain energy,

or g = QT(J); 5 (75)
Similarly qa = —1%@- . (20)
Dividing (75} by (76),
o _ O
q2 0
@10 = 20

Application of the inverse ratio method to longitudinal
strength calculations. The inverse ratio method is strictly
applicable only whcn therc are no members common to any

When there are members common to two or more of t}u static &Hy
determinate systems, it may be assumed to a good order of
approximation that the total stress in such a member is the sum
of the stresses to which it is subject as a member of each of the
systems to which it belongs.

Tn apnlying the method to the longitudinal strength calcula-
tions of rigid airships the structure may be divided into systems,
each consisting of a pair of longitudinal girders extending over
one or more main frame spaces with the connccting transverse
and diagonal members necessary to make a statically determinate
system.

In a typical case it was found that if a load wids applicd at
one main frame space away from a cross-section under investiga-
tion, 7855 of the resulting internal work was in the shear wires,
19% in the longitudinal girders, and 3% in the transverse; but
with a load applied at four main frame spaces away, only 2195
of the resulting internal work was in the shear wires, 787, in
the longitudinals, and 19} in the transverses. Irom these
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figures it is evident that the sizes of the shear wires are of much
greater importance than the sizes of the longitudinals in deter-
mining the distribution of the load among the panels at a short
distance from the point of application of a force, and hence a
high order of accuracy may be expected from the shear theory
for this condition; but as the distance from the point of applica-
tion of the force increases, the sizes of the longitudinals become
more important, and are finally the dominant factor, and the
stresses are then more in accordance with the bending theory.
Computation of the longitudinal strength by the inverse
ratio mcthod Is too long to be illustrated by an example here.
The application of the method is shown in Chapter VIII, where
it is used to calculate the distribution of the load between two
statically determinate systems in a main transverse frame,

Use and computation of the quantity Z sin®# in airships
having regular polygonal cross-sections. In a rigid airship
having longitudinals of equal sizes placed at the apexes of
regular polygonal cross-sections, the moment of inertia of any.
cross-section is given by

I = Zayt
=g Zy!

I = moment of inertia
a = cross-sectional area of each longitudinal (assumed con-
i stant) 2
¥ = disiance of the C.G. of any longitudinal from the
diameter about which I is taken
R = radius of the cross-section of the hull through the
C.Gs of the lengitudinals
§ = anglc beiween the radial line through any longitudinal
and the diameter about which 7 is taken =
Zsin% also enters into the calculations of the tensions in the
shear wires due to the transverse shear in an airship having
regular polygonal cross-sections with shear wires of constant

= g B* = sin% (D
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size throughout any onc frame space. The formula for the
tensions in the shear wires in this simple case is
' Fsin 0

I - )
Sin @ &S

L? -

(78)

where § = tension in any shear wire
F = total transverse shear
¢ = inclination of the shear wires to the longitudinals
# = inclination of the panel of any shear wire to the normal
to the plane of shear and bending (i.e., the inclina-
tion of the panel to the horizontal in the usual case
of bending in the longitudinal vertical plane)

Such simple cases of regular structures never occur in practice,
and the irregularity due to the keel is especially to be considered;
but for the purposecs of first approximations to the stresses in
the wires and longitudinals due to the primary shear and bend-
ing, these formulas for simple cases are often uscful.

It will now be shown that in a regular polygonal structure
of n sides

Zsin*® = n/2
. In such a structure when # is even, the panecls or the radial
planes through the longitudinals may be divided into 7/2 pairs,
each pair covsisting of panels or radial planes having comple-
mentarv values of 8. Or. in other words. for everv panel or
radial plane inclined at the angle § to the plane of bending,
there is another panel inclined at »/2 — 6; and
sin?g + sin? (w/2 — §)
= sin’g + cos’ = 1
Therefore, the summation of sin’ for these 7/2 pairs of panels
or radial planes equals (n/2) X 1, or
Zsing = n/2 (79}

When # is odd, the panels or radial planes cannot be divided
into pairs in which the values of # are exactly complementary;
but if the odd number is 17 or greater, as it always is in practice,
the ervor is very small. '
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It follows that
I =aRn/2
- ARY2 (380)

where 4 is the sum of the cross-sectional arcas of all longitudinals.

An interesting corollary is that the moment of inertia is
independent of the number of sides when the total cross-sectional
area of the longitudinals is constant.

Assuming that the end loads in the longitudinals due to the
primary bending are distributed in accordance with the simple
bending theory, the fiber stress in any longitudinal of the simple
structure under consideration is given by:

/= My 21 sin @
1 aRn
- 25{4 sTxarﬁ (81)
In the most severely loaded longitudinal, sin # = 1, and
23 2M
f=3Ru" 4R
The total end load in any longitudinal is fa, and is given by:

2 M sin @
Jo = Rn

_ 2 M (in the most severely loaded
Rn  longitudinal)
Similarly, the tension in any shear wire is given byv:
52 Fsin 0 (82)

nsin ¢

These equations obviously furnish very rapid and simple
means for a first approximation to the forces to be expected
in the longitudinals and shear wires of an airship subjected to
given primary shearing and bending forces.

Secondary Stresses Resulting from the Primary Shearing
- Forces

The longitudinal girders are continuous over transverse
. frames to which they are fastened by rigid joints, and therefore

o e e R N

TR NI Ml -

e

- A ey TS T

. A s ar ¢

S

v g

Ch. 7] LONGITUDINAL STRENGTH 169

must bend slightly to follow the contour of the asxis of the ship
when the latter bends as a whole.  Under the theory of bending
we assumec that the main frames remain plane, but rotate under
tiie aciion of the primary bending moments. The additional
or secondary stress thrown into the longitudinal givders, through
the rigid joints, by rotation of the main frames, could be allowed
for in the calculation of the primary stresses if we used the dis-
tances of each channel element of a girder from the neutral axis
of the ship, instead of taking an average distance for the girder.
However, since the depth of any girder near the top or bottom
of the ship is small with respect to its distance from the ncutral
axis, and since we are interested here only in these highly stressed
girders, the refinement obtained by allowing for this secondary
stress is of no importance and is neglected.

The secondary stresses due to the relative movements of the
main transverses under the primary shearing forces remain to
be considered. W. W. Pagon has given a very complcte treat-
ment of the secondary stresses in connection with the review of
the design of the Shenandoal by the special committce of the
National Advisory Committce for Aeronautics. He assumed
that the transverse girders offer no resistance to torsion, but
that they resist rotation of the joints by a kind of portal action.
In order to determine the secondary stresses exactly, it would
be necessary to consider the shearing movements of the trans-
verses over the entire length of the hull, and the calculations
would be very laborious. Mr. Pagon obtains an approximate
solution by considering that the longitudinals are normal to the
main frames next forward and aft of the one at which the second-
ary stresses are desired. His treatment of the problem is sct
forth in Technical Note No. 140 of the National Advisory Com-
mittée for Aeronautics. .

The following analysis divides the secondary bending of the
Jongitudinals into two parts; one in a radial plane of the hull,
including the longitudinal axis of the ship and a longitudinal
girder; and the other in a longitudinal plane, designated the
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tangential plane, including a longitudinal girder and normal to
the radial plane. At the top and bottom of the hull (when the
primary bending is in the vertical plane) the secondary bending
is wholly radial, and is wholly tangential only at the mid-height
of the hull. Radial secondary bending occurs, therefore, where
the primary stresses are greatest and tangeniial bending where
they are least. Moreover, the depth of the longitudinals is
much greater than the breadth, so that the maximum secondary
stresses in the radial plane are much larger than the maximum
in the tangential plane. For these reasons the secondary stresses
in the tangential plane may be neglected.

Since the transverse girders offer practically no resistance to
torsion, the longitudinals may be considered as continuous in
the radial plane over the joints, but not fixed. The secondary
stresses will then be the same on both sides of a joint. Assuming
the longitudinals to be normal to the main transverses next
forward and aft of the one at which the secondary stresses are
desired, it follows from the well-known relations between stress
and deflection in a fixed-ended beam having the ends at different
levels and carrying a central load that the secondary stress is
given by

s =3 Ey (A + Ay)/0 (83)
where -

& = secondary stress in a channel of a girder
¥ = the distance of the channel from the neutral axis of the
girder
b = distance between main frames
A; and A; = the radial movements of the girder at the
main frames next forward and aft, respectively, rela-
tive to the frame at which s is taken

From the transverse shear theory of the primary stresses,
the relative movement between consecutive main frames is
given by

d = Sb/EZa sin®p cos ¢ sin
where d = the relative movement, and the other symbols have the
same significance as in the transverse shear theory ‘page 157).
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It follows that :
Ay + Ay = {51 — S2) b cos u/EZa sin*¢ cosd sin*d
where §; and S; are the transverse shearing forces forward and aft,
respectively, of the frame under consideration, and # is the angle
between the vertical and the radial plane through the longitudinal
girder.
The secondary stress is given by ‘ .

s = 3y(S1 — S2) cos #/qbZa sin®¢ cos ¢ sin®0 (84)
where ¢ is the ratio of the modulus of elasticity of steel to that of
duralumin,

As an example of the maximum secondary stress due to shear
likely to occur in the ZR-1, the case of full load with a deflated
gas cell between frames 8o and go may be taken. In this con-
dition the transverse shear changes at framec go from 6,754 lbs.
to -6,457 lbs. The given quantities are then

S = — 6,457 lbs.

Sy = 6,754 Ibs.
q = 2.86
b = 394 in.

Za sin’$ cos ¢ sin? = .0571 in2
And for the A longitudinal
' y = 8.14 in. (apex channel)
COS % = 1.0 ‘
The secsadary stress in the apen channel-of the A lorgitudinal js
then given by
s =3 X 8.14 (— 6,457 — 6,754)/2.86 X 394 X .057%
= 5000 lbs./in.2

Spacing of the Longitudinal Girders and tha Transverse
Frames

The spacing of the main transverse frames of a rigid airship
is determined largely by the degree of gas space subidivision
required. The greater the subdivision, the greater the safety,
but the greater the weight of the structure and gas cells. B!oclcrfa
practice shows from 12 to 20 main frames and gas cells. s
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possible that with rigid airships of lower slenderness ratios than
are now common, subdivision of the gas space will be obtained
partly by longitudinal diaphragms within the gas cells in addi-
tion to the separation of the cells by the main frames, thus per-
mitting some reduction in the number of the latter.

The spacings of the longitudinals and the intermediate
transverses are interrelated by the fact that the more numerous

the longitudinals, the lighter and more slender they are indi-’

vidually, and hence the closer should be the supporting frames.
It is also desirable to have the spacings such that the shear
wires can be inclined as nearly as possible at 45° to the longi-
tudinals and transverses, this being their most efficient angle, as
is shown on page 177. The best slope of the shear wires may be

obtained by having equal spacings of longitudinals and trans- -

verses, or by having the longitudinals half as far apart as the
transverses, with the shear wires crossing the longitudinals half-
way between frames.

The least expensive and lightest structure for its strength is

obtained by having a small number of stout longitudinals, with
complete elimination of the intermediate frames. On the other
hand, the outer cover is best supported, and the maximum gas
volume is obtained by having a reasonably large number of not
toe deep lengitudinals, - The table on page 43 of Chapter 1
shows the ratios of the areas of regular polygons of various
numkbers of sides to the area of the circumscribed circle. It may

be noted that very little area is gained by baving more than about

21 sides; but on the other hand, with less than 1 3 sides, the loss
of area begins to be servus; and the decper Iongitudinals also
encroach on the gas space.

Examples of airships with close and open spacings of the

longitudinal and transverse girders are afforded by the U. S. .

Navy’s Los Angeles and the new British 5,000,000 cu. ft. air-
ships. In the former, which was designed and built by the
Zeppelin Company, there are 24 lines of longitudinals at 11.g ft.
apart amidships, with main frames at 4g.2 it., and intermediate
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frames at 16.4 ft. apart. According to the published descriptions
of the British airships, there are 17 lines of longitudinals at
about 24 {t. apart, with main frames every 6c ft., and no inter-
mediate frames. Morcover, the longitudinals of the Los Angeles
are only about 10 in. deep, and the gas cell netting is permitted
to bulge to within about 4 in. of the outer cover midway between
the Iongitudinals; whereas in the British ships, the longitudinals
are about 3 {t. in depth; in order to relieve their long unsupported
span from gas pressure loads, the netting is secured to the trans-
verse frames without touching the longitudinals, and the lift of
the gas is transmitted directly by the netting to the main frames.
The British construction saves the weight of the intermediate
frames, and gives much less total weight of the longitudinals by
the elimination of gas pressure loads and stresses from the dis-
tortion of the intermediate frames.

It is believed that the saving in weight of girders effected
by the British type of construction is approximately offsct by
the heavier netting required, and the loss of gas lift. The
advantage of less cost and greater facility of construction re-
mains with the more open spacing adopted by the British; but
the scale may finally be turned in favor of the Zeppelin type by
the better support it gives to the outer cover.

Main and secondary longitudinals. Some rigid airships have
two- types of longitudinals, designated main and sccondary.
This scheme was introduced by the Zeppelin Company in 1916,
with the object of obtaining a 25-sided ship in which there were
only 13 main longitudinals taking part in the primary strength
of the structure. Midway between each main longitudinal,
except the two bottom ones, there was a light secondayy longi-
tudinal to support the outer cover and assist in taking gas pressure
lcads. It was found impracticable to make the secondary longi-
tudinals less than about two-thirds the weight bf the main long-
tudinals; and it was a natural step to medify the construction
by securing shear wires to the secondary longitudinals so that
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they assisted the main ones in the primary strength of the ship,
and thus the two types of longitudinals became identical in

|
N

Figure 490. A Main Transverse Frame of the ZR-1 (US.S. Shenandoah)

function althougH differing in size. In the Los Angeles, all longi-
tudinals are equal in size, and the distinction of main and

secondary longitudinals no longer remains. In Zeppelin airships.
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having 13 main longitudinals and 12 secondary ones, the main
frames were 13-sided structures with king-posts and diagonal
bracing girders as shown in Figure 49. The king-posts were
carried through the main members of the transverse frames and
supported the secondary longitudinals. The transverse wires
were secured at the joints with the main longitudinals only.
When the distinction between main and secondary longitudinals
was abandoncd in the Los Angeles, it was considered advisable
to avoid the complicated and excessive redundancy resulting
from a large number of sides in the main frames, so that in this
airship these frames are 12-sided structures, each side or element
consisting of a diamond-shaped truss as shown in TFigure x
(page 4), with longitudinal girders at the joints between the
elements, and at the middle of each element where two sides of
the diamond intersect. Transverse wires are secured ounly to
the joints between the elements.

The Wiring of Rigid Airships

The main systems of wiring in rigid airships are the shear
wiring in the quadrilateral panels formed by the longitudinal
and transverse girders, the cross-wiring in the main transverse
frames, wnd tie gas ool ueiilng, 1ga tensile steel {5 the best
material for the wiring. Its ultimate tensile strength is about
240,000 1bs./in.® as compared with 55,000 Ibs./in.? for duralumin.
The ratio of the ultimate tensile strength to the specific gravity
is about 31,000 for high tensile steel as compared with zo,000
for duralumin. The smaiier cross-sectional area of steel for equal
weight is no disadvantage in-tension members, although it is
extremely serious in compression members. The temperature
cocflicient of expansion of duralumin is 1.78 times that of steel,
and consequently the tensions of the wires, and the compressive
forces they put upon the duralumin girders are influenced to
some extent by the temperature. This temperature effect hag

* been investigated by E. H. Lewitt who published his analysis
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in an article entitled “Temperature Stresses in the Rigid Air-
ship” in the British aviation magazine, Aeronautics, for July 21,
1921.  Mr. Lewitt showed that a temperature rise of 50° F,
increased the tensions in the steel wires by some 2,000 to 3,000
Ibs./in.? and increased compressive forces in the longitudinal
girders by 310 lbs./in.? and in the main transverse girders by
770 1bs./in%, These temperature stresses are not at all serious,
and are neglected in strength calculations, although it might
be advisable to consider them in airships designed to operate
in climates varying widely in temperature.
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Figure 50. Illustrating Tension in Shear Wire Due to Parallel Movement of Con-

secutive Transverse Frames

Best slope for shear wires. Designers have exercised a wide
range of choice for the inclination of the shear wires to the
longitudinal and transverse girders. The following investigation
shows that the greatest efficiency is obtained when the slope
is 45°.

Referring to the rectangular panei of length L, shown in
Figure 50, subjected to a given transverse shea ‘T‘

the slope of the wire will be considered from the point of view:
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of minimum shearing deflection of the panel, and also in regard
to the least weight of wire.

Let 7 = total tension in the wire
¢ = tension per unit area
cross-sectional area
length of the wire
inclination of the wire to the longitudinal
stretch of the wire
y = transversedcflection of the outboard end of the panel
E = modulus of elasticity of the material of the wire

Be wa
oo

H

In practice the variations in the length of the pancls due to
end loads are small in comparison with the transverse deflections
due to shear. Neglecting changes of panel length,

Al = ysing
iy U
Also Al = = F
Whence
il iL

y=Esin¢=Esin¢cos¢
Therefore minimum vy for a given f requires that sin ¢ cos ¢ be a
maximum.
Let x = sing cos ¢
gg = cos’¢ — sin’d
= o when cos ¢ = sin ¢, i.e., when ¢ = 45°
Therefore 45° slope of the shear wires gives the least deflection.
Let & = specific weight of the material of the wire
The welght of the wire is kdl
T = F/fsing
a=F/tsing
kal = k FL/tsin¢ cos ¢
Therefore minimum weight of wire with a given ¢ alse requird that
¢ = 45"
Initial temsion in wires. A wire with initial tension is ca-
pable of transmitting compressive forces by becoming less taut.
It thus acts as ¢ strut, and when it fails it docs so without dam-
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age. It follows that by giving initial tension to the diagonal
wires in the hull, the counter-shear wires act as struts, and the
shearing detlections of the hull are reduced. This has the advan-
tage of reducing the sccondary stresses in the longitudinals
resulting from the primary shear in the hull. The disadvantages
of initial tension arc that the redundancy of the structure is in-
creased, and in many cases the total compressive forces in the
longitudinal and transverse girders are also increased. Further-
more, it is difficult to obtain uniform initial tensions, as some
wires and girders are likely to be overloaded. For these reasons,
it is not customary to have initial tensions in excess of about
200 lbs. in the shear wires.

In the transverse wires, initial tension is undesirable because
it increases the total tension resulting from a deflated gas cell.
It is necessary, however, to have sufficient initial tension to
prevent distortion of the frames by their own weight. When
the ship is resting in its cradle without gas in the cells, the
weight of the hull.tends to flatten the [rames and put tensions
in the horizontal transverse wires. On the other hand, when
the ship is inflated, the transverse frames tend to extend verti-
cally, placing the vertical wires in tension.

The problem of obtaining sufficient initial tensions to prevent
distortion of the hull structure while under construction without
having more than is required, is a practical problem not very
susceptible of theoretical treatment; the initial tensioning of

wires is best accomplished by skilled workmen of long experience’

with a good sense of the “feel” of the wires.

e e e
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CHAPTER VIII

GAS PRESSURE I'ORCES AND TRANSVERSE
STRENGTH

Functions of the Gas

“The gas?! contained within the envelope or gas cells of an
airship ordinarily is considered to be the source of buoyancy,
and while this conception is sufficiently accurate for general
purposes, a more precise understanding of the functivn of the
gas 1s essential to the airship designer,

The true source of buoyancy is the surrounding air, and not
the contained gas. If the gas could be removed, leaving a
vacuum, without collapse of the container, the lift or buoyancy
of the airship would be increased by an amount cqual to the
weight of gas abstracted. Although the specific weizht, and
hence the buoyancy of air is small, being only 07635 lhs./It.3
in the standard atmosphere at sea level, its pressure is very
great, being 2,120 bs./ft.? in the same conditions. No structure
enclosing a vacuum and displacing a volume of air of less weight
than itself could resist this pressure. The cell or container for
displacing the air must thercfore be filled with a gas, having an
absolute pressure approximately equal to that of the surrounding
air, and as light as possible, because the weight of the gus
diminishes the useful lift just as much as any other equal item
of weight in the ship.

Strictly speakiing, the true funciion of the gas is to maintain
the internal pressure.

Definition of gas pressurs. In practice, the term® “‘gas
pressure” is used to express the difference between the absolute
internal gas pressure and the external air pressure.

1 The pm'xrtxes of hy drogen and helium, also methods of producing these gases, are set forth
io “Balloon and Airship Gascs,” a volume of the Ronald Aeronautic Library.
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Rate of variation of gas pressure. Because of the difference
in the densities of air and gas, the pressure increases upward
within a gas container. The rate of pressure increase with height
is given by:

dp/dh = & (8s)
where
A = gas pressure per unit area .
h = height
k = unit lift of the gas, or the difference between the weight
of air and gas per_unit volume .

Within the height from the bottom to the top of an airship,
%k may be regarded as constant, although strictly speaking, %
varies within the airship at the same rate as elsewhere.?

Superpressure and total pressure. The gas pressure at the
lowest point within the gas container is called the “superpres-
sure,” and the pressure at any other point is given by

p=n+kh (86)
where pg is the superpressure, and & the height above the bottom of
the container,

~ In the gas cell of a rigid airship there can be no superpressure
unless the cell is complefely filled with gas. In nonrigid and
semirigid airships, superpressure may be obtained by forcing
alr into the baiionets, producing a uniform air pressure through-
out the ballonet space. The superpressure in the gas is then
equal to the ballonct pressure except in so far as the weight or_
tension of the ballonet diaphragm may reduce the superpressure
slightly below the ballonet air pressure. B

Magnitude of gas pressure. The gas pressure is commonly
measured in inches of water; but for design calculations, the
pressure in pounds per square foot is usually required.

One inch of water = g.2 Ibs./ft.? 3

The pressures are very small in comparison with the unit
pressures commonly encountered in other engineering calcula-

1 See “Actostatics,” by Prof. E. P. Warner, a volume of the Ronald Aeronautic Library.
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tions. A superpressure of 2-in. of water is considered large even
in a nonrigid or semirigid airship; and in a rigid airship, the
automatic gas reliel valves are commonly set to blow at less
than o.5 in. of water superpressure. '

Example. Find the pressure at 7o ft. above the lowest
point in a container filled with gas lifting .068 1b./it.?, and having
a superpressure of 1.5 in. of water.

From equation (87), po= 1.5 X 5.2 = 7.8 lbs./ft.%; and from
equation (86), p = 7.8+ (70 X .068) = 12.56 lbs./ft.? or 2.42 in.
of water. '

Effect of longitudinal inclination upon gas pressure. In
nonrigid and semirigid airships, the gas space is either wholly
undivided by transverse bulkheads, or the bulkheads are of
little effect in preventing equalization of the gas pressure on
each side of them. The vertical distance between the lowest
and highest points of the envelope increases with the longitudinal
inclination of the airship, and since the lowest point must always
have sufticient pressure to prevent collapse (usually about 1 in.
of water in nonrigids), the largest gas pressures occur in the
inclined position. The envelopes are usually designed for the
gas pressures occurring at 30° inclination.®

In rigid airships. the gas cells are short in comparison with
their diameters, and are separated by cross-wired transverse
frames, so that inclination of the ship has very little effect upon
the maximum gas pressures in the cells, although it produces
differential pressures between consecutive cells, throwing loads
upon the transverse bulkheads. These loads are small in com-
parison with those resulting from the deflation of a gas celi
adjacent to a full one.

Gas pressure an asset or a liability. In pressure airships,
some gas pressure is an absolute necessity to prevent collapse;
and even in rigid airships, the gas pressure is often useful in
assisting the hull structure to resist compressive forces. In all

3 See “ Pressure Airships,” Blakemore and Pagon, a volume of the Ronald Aeronautic Libracy.
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types of airships, excessive gas pressure must be avoided by’

ample provision of gas valves to liberate the gas when climbing
rapidly, or when thrown violently upward by strong ascending
air currents, as in a thunderstorm.

In rigid airships hitherto constructed, the gas pressure is

most often a liability, throwing undesirzble cross bending forces -

on the longitudinal girders. It seems possible by improved design
to contain the gas cells within systems of wiring which will not
place transverse loads of appreciable magnitude on the longi-
tudinals, but will rather produce tensile forces that are easily
taken care of, and in fact can be used as positive assets in off-
setting the compressive forces which are more difficult to resist
by structural members.

Tt hias been proposed to reduce gas pressure stresses in rigid
airships by having so-called “natural shape” cross-sections, i.e.,
the lythenary which was the second special casc of cross-sectional
shape considercd in Chapter VI. It would be extremely difficult

to provide for the variations in the cross-scctions with changing

gas pressure; and in fact, the natural shape between main frames
is circular, for, except at those frames, the lift is opposed only
by shear and uniformly distributed weight.

The longitudinal Bendjng moment from gas pressure has
been discussed in Chapter VI.

Gas pressure loads on longitudinal members. In con-

ventional rigid airships, the stresses in the longitudinal girders”

due to the gas pressure loads are of the same order of magnitude
as the stresses resulting {rom the primary bending of the hull.
The fabric of the gas cell is forced by the gas pressure against
the bases of the longitudinal girders and against the netting
which is secured to the girders. It is sometimes thought that
the cntire pressure of the gas on each panel must be taken by
the longitudinals as radia! loads; but in reality this would be
true only if the netting bulged in a complete semi-circle (assum-
ing that the shear wires and outer cover permitted this shape)
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as shown in Figure 51. In this case the nétting would impose
no loads upon the longitudinals tangentially to the cross-section
of the hull.

Another special case is when the netting has the same curva-
ture as the cross-scction of the hull, also shown in Figure g1,
The netting js everywhere tangential to the hull, so that tle
tension has no component throwing radial loads upon the girders.

RETTIN

LIFT TAKEN BY
RADIAL FORCES

-

Figure 5x. Illustrating Effect of Curvature of Wetting on Distribution of Lift
Forces ,

There are, however, tangential loads upen the longitudinals

resulting from the increase of the gas pressure and the tensions

in the nettings upward from panel to panel.

The manner in which the lift of the gas is transmitted to the
hull differs very greatly in these two cases. In the first, the lift
is due to the radial outward loads upon the upper longitudinals;
while in the second case, the lift is the result of the tangential
forces, mainly on the longitudinals at the mid-height of the hull.
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The effect of the variation of curvature of the netting is of
great importance; and a similar problem wiil occur when con-

Figure g2. Illustrating Radial Load on Longitudinals from Gas Pressure on Netting

sidering the loads imposed on the longitudinals by the outer
cover, resulting frora differences between the external and in-

b
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ternal pressurcs. The point is worth some emphasis, because
it is often argued that the curvature of the netting can make no
difference in the loads on the longitudinals, just as the curvature
of the cables of a suspension bridge makes no difference in the
loads upon the towers. The fallacy in this argument may be
explained by reference to Figure 52. The radial load each panel
of netting puts upon the longitudinal to which it is attached is
given by
w=4cosy (88)

where ,

w = the radial load which the netting puts upon the longi-

tudinals per unit length
¢t = the tension in the netting per unit width
¥ = the angle between the tangent to the netting and the

radial plane through the longitudinal
And from Figure 52,
p=7—7=2X (89)
and t=pr
where '

P = gas pressure per unit area, assumed constant {or the panel

r = transverse radius of curvature of the netting
Therefore,

W PF €05 (T F— K)o

In the special case when A = n/2

' w = prcos (x/2 — 7)

= prsiny
and sin y = ¢/2r, where ¢ = the width of the panel. Therefore
w = hef2

This case applies to the load upon the towers of a suspension
bridge, but is obviously not generally applicable to the radial
loads upon the longitudinals of an airship.

Another special case is when 7= R, then v+ A= =/2 = y;
therefore w= o.

In airships, such as the Shenandoak, where the main and
secondary longitudinals are of different depths, M is larger at the
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Figure 53. Cross-Section of a 33-sided Rigid Airship
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main than at the secondary longitudinals, and consequently the
radially outward loads are greater on the main longitudinals,

The curvature of the netting is usually such as to transmit
the lift of the gas to the hull by a combination of radial and
tangential loads upon the longitudinals. It is possible to brace
tire longitudinals much more efficiently in the tangential than
in the radial direction; and in fact, the netting, when composed
of diagonal wires, is in itself a tangential bracing. It is thercfore
desirable that the netting should bulge but little beyond the
inscribed circle through the bases of the longitudinalzs. Un-
fortunately, it is not practicable to erect and maintain the
netting with the exact amount of tension theoretically most
desirable; and it is therefore customary to allow for the netting
bulging to within about 4 to 6 in. of the outer cover. A certain
amount of radially outward gas pressure load is helpful to the
longitudinals against the inward loads from the outer cover,
The direct gas pressure on the base of the longitudinal girders
provides this load.

Sample computation of the gas pressure loads on the net-
ting and longitudinals. In the following sample computation of
the gas pressure loads in a 32-sided airship (Figure §3), it is given
that: .

R = radius of cross-section of hull over apexes of longi-
tudinals
= 1.0 {t.
A8 = angle subtended by a panel at the center of the cross-
sectfon
11°1%’
4 = height of longitudinal girder
= 1.18 ft.
b = width of longitudinal girder

- 2u. £
— -W_) Ty

¢ = minimum clearance hetween netting and outer cover
= g ft.
r = radius of curvature of netting

Apancn el
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4 = distance between apexes of longitudirals

v = distance between bases of longitudinals

z = maximum depth of curve of netting

6 = angle between the horizontal and a radial plane through
any longitudinal girder ‘

H = height of any longitudinal above the bottom of the
gas cell

k = unit lift of the gas

= .ofig Ib./ft?

¢ = transverse tension in the netting
2 = unit gas pressure at any longitudinal
Po = unit gas pressure at bottom of cell

il

0.5 in. of water = 2.6 lbs./{t.?
a = half the arc of the netting
¥ = angle between the radial plane and the tangent to the
netting at any longitudinal
R, = the mean radius of the gas spai:e from the center of the
cross-section of the hull

From the given quantitics we derive by geometry the’

following:

z R sin (A8/2)
= 2 X 01 X .098 = 11.95 ft.
v = u — 2d sin (A0/2) — b cos (A8/2)
= 11.95 — {2.30 X .093) — (.335 X .995) = ro.84 it

z = d cos (A6/2) ~ % sin (A0/2) ~ ¢

"

|
1]

= (1.18 X .995) — (.442 X .098) — .3 = .63 {t.

r=1v/8x
= (10.84)%/(8 X .63) = 23.4 ft. .
Al
¥=9° +——a
« = sin 1(v/zr) = sin™t.232 = 13%25

¥ = 00° + §°37 1/2' — 13%°25" = 82% 12 1/2'
siny = .9907
cosy = 1356 ‘
B =R, {1 +-sm 8
= 60.2 (x 4 sin 0)
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p=po+ kI
2.6 4 (064 X 60.2) (1 + siné)
6.46 + 3.86 s5in 9
! =rp =151+ go.4 5inb
Direct radial load = &p
5.72 + 3.42sin 8
Radial load from netting = 2 £ cos ¥
41.08 + 24.45 sin §
Total radial load = 46.8 + 27.9 sin 8 (Ibs. /ft)
Tangential load = (sin ¢) A
= (siny) rAp
= (siny) rkAH
AH = R; cos 8 sin A
Tangential load = Ry 7 & sin { sin A8 cos §
60.2 X 23.4 X .064 X .195 X .0007 cos 0
17.45 cos 6 (lbs./ft.)

The running radial and tangential loads upon the longi-
tudinals, and the mean transverse tensions in the netting are

t

]

]

I

TaBLE 18. COMPUTATION OF GAs PressURE, NETTING TENSION, AND
RADIAL AND TANGENTIAL LOADS UPON THE LONGITUDINALS OF A 32-
SIED AIRSHIP, 122 FT. DIAMETER

e e e e
Lonl , o cosh p \l }};xdi‘il 'r;lln[u‘-n-l
ngl. sin cos 1 . it A tial Loag
bs. /1L | tbs. /8t s | Ibs it
A go: o 1.0 o 10.32 242 74.7 o
B ,«‘)Q 43 .9308 .1950 10.24 240 74.1 3.40
C 670 30' .9239 .3827 | 10.03 236 72.0 6.68
I? 560 15 8313 .5555 9.67 226 70.0 .70
E 4500 L7071 L7071 9.19 21§ 66.5 12.33
F 3;0 . 5555 8315 8.60 201 62.3 145
G .‘o 30 L3827 9230 794 186 §Tey 1y
H 15 1050 9808 7.21 169 §2.2 17.1
I o ) 1.0 6.46 151 46.8 17.45%
J ~11° 15" |- .1050 .0803 5.71 134 41.4 17.1
R - "2 30 — .3327 9239 4.08 117 361 6.1
L 1-33745 |=.5555 8315 | 4.32 or | 3.3 3.5
h' -—4300 , | 1071 . 7071 3.73 87 27.1 12 i3
N =567 15" 1~ 3315 -5555 3-28 7 23.6 9.7
0 - 67 30" |~ .q230 .3827 2.8q 68 21.¢ 6.68
P -75% 45" |- .0%8

Curvature of netting = 7 = 23.4 ft.
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given in Table 18. The true netting tension in any pancl may be
taken as the mean of the tensions given in the table which are
calculated for the positions between consecutive panels.

When the curvature of the netting or the depth of the longi-
tudinals are variable, ¢ is also variable, and the computations
of the loads on the longitudinals are more complicated, but the
same in principle as in the foregoing example.

In another section it will be shown how to compute the
initial tension or slackness which must be given to the netting

to produce the bulge or curvature desired at any given gas

pressure.
The Gas-Cell Netting

The gas cells should be supported between the longitudinals
by netting having a mesh not greater than about 18 in. Wire
netting of this mesh must consist of very small wires, and be-
cause of the great number of wires in each panel it is difficult
to obtain the uniform initial tensions which are necessary if
the gas pressure loads upon the longitudinals are to be kept
within the designed limits, For these reasons, it is customary

to usc a steel wire netting having an average mesh of about
3 to 4 ft., combined with ramie cord netting having a mesh about.

one-half to one-third as large. The cord netting is not considered
in the calculations of the gas pressure loads, which are assumed
to be taken directly by the wire netting.

There have been two principal types of wire netting, known
as the diagonal mesh and circumferential systems. Zeppelin
airships previous to the Los Angeles had simple diagonal mesh
nettings. In the R-38, the British used an ingenious system
of circumferential wires running transversely around the hull,
passing through holes in the base channels of the longitudinal
girders, and secured to catenary loop wires, resembling inverted
suspension bridge cables, in the planes of the panels between
successive joints of the main longitudinals with the main and

Ch, 8] GAS PRESSURE FORCES 191

intermediate frames. These catenary loops received the tan-
gential forces resulting from the changes in the tensions in the
circumferential wires due to the increase of gas pressure up-
wards; and thus relieved the longitudinals of tangential loads.

The gas-cell netting of the Los Angeles is arranged as shown
in Figure 54. The arrangement is a compromise between the

Figure 54. Two Typieal Panels of Gas-Cell Netting of the US.S. Los Angeles

diagonal mesh and circumferential systems. The wires pass
through holes in the base channels of the longitudinals, us in
the circumfcrential system, so that there are no tangentiz} loads
upon the longitudinals; and several wires converge at each joint
0 as to transmit a large part of even the radial gas pressure

~forces directly to the joints, instead of to the longitudinals.
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In designing the gas-ccll netting, the primary objects to be
sought for are:

(8) Small radial and tangential loads upon the longitudinals
(6) Largest possible gas space

() Smalllongitudinal components of the wire tensions

(d) A light and simple and easily adjustable system of wiring

These requirements are mutually conflicting to some extent,
and the designer must make a compromise between them.

Tangential Joads upon the longitudinals are easily avoided
by allowing the netting to pass freely through holes in the base
channels, and having all wire terminals at the joints with the
frames. Radial loads may be eliminated by having the trans-
verse radius of curvature of the netting equal to the radius of
the cross-section of the ship through the bases of the longitudinals;
but this conflicts with the requirement for maximum gas volume,
since it leaves a considerable air space between the cells and the
outer cover; and furthermore it is a condition which can be only
approximately attained in practice, owing to the unavoidable
variation of the curvature with varying gas pressure. The only
‘way completely to climinate radial and tangential gas pressure
loads upon the longitudinals appears to be to attach the wires
only to the transverse frames, drawn so tight that they will not
touca the longitudinals under any conditicns. Owing to the
loss of gas space, and the difficulty of sctting up the wires to

the correct tension, it is doubtful if such an arrangement is -

practicable or desirable.

The longitudinal tension put upon the hull by the gas pressure
may be useful in assisting the longitudinal girders against com-
pressive forces resulting from the primary bending of the hull;
but it is difficuit to avoid absorbing the greater part of the
longitudinal gas pressure force in the longitudinal components
of the tension in the gas-cell retting. For this reason it is
desirable to have the greater part of the wires running as nearly
as practicable in the circumferential direction; although there
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is difficulty in securing the proper tension and curvature due to
the great lengths of the wires which become necessary if this
principle is carried too far.

Tension due to a transverse load upon a wire initialiy taut.
In design calculations for airships it is frequently necessary to
compute the tension due to a transverse load from gas or air
pressure upon a wire initially taut. This problem rarely occurs

A Ve
L -
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W Z
7 7
Z ! Z
“ x 7
7 2
/ 7
4 - 7
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/] s
2 XAl ] oA «//’
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Figure 5. Tension due to Transverse Load on a Wire Initially Taut

in other engincering work, and the procedure for handling it
is but little known to engineers. For these reasons, formulas
and their derivations for computation of the tension In an
initially taut wire subjected to transverse loads of wvarious
distributions will be given here. ,
Figure 55 shows a wire initially stretched taut between two
fixed points of attachment, and loaded transversely.
Let L = initial length of wire )
AL = increase in length of wire due to the transverse load
a = cross-sectional area of the wire
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E = modulus of elasticity of the material of the wire
y = deflection of the wire at distance x from one end
p = transverse load per unit length of the wire

P = total transverse load upon the wire

T. = initial tension of the wire

T = final tension of the wire

R = radius of curvature of the wire

The eflect of the weight of the wire is neglected, because in
airship problems this weight is small in comparison with the
transverse loads to be considered. Since transverse forces
resulting from fluid pressure can have no tangential component
along the wire, the tension is constant throughout the wire.

The fundamental and well-known relation between R, p,
and Tis Rp=T. And since dy/dx (the inclination of the wire
to its initial position) is always small, 1/R = d%/dx®, whence

r &y

The deflection of the wire increases a short length from-

Ax to Ax+ A (Ax), and from Figure 55

[a5+ 840 T = (@97 + (ayp
Whence: -
AlAxy = /2 ¢ Ay) Ax
And |

AL = fx/z( ) dx (91)»

And by the properties of materials strained within their
proportional limits:
- T=T)L
- E a (92)
By integrating equation (go) twice, 7" ¢an be found in terms
of p, x, and y, plus a constant of integration which can be deter-
mined from the fact that y = o when x = L.

T3=» (0)

T
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From equations (go), (91), and (92), the tension and deflec-
tion can be completely determined when there is no relative
displacement of the ends of the wire due to the loads. If there
is a known displacement of the ends of the wire, the final tension
can be calculated by assuming that the initial tension is modified
by the amount which it would be if the displacement occurred
before the application of the transverse load, instecad of after-
ward.

Tension due to a uniformly distributed transverse load. By
double integration of equation (go), ,

Tj—y /pdx—}-C =px+ C

<]
Ty =L 4 Cx
When 2 = L, y = o, whence:
2
£2£+CL==0
_Cmtl-:
2
oy _px_ 2
dx T 2T

AL - T=To)L mL / /’(dy) i
Y

PL PL
2417 2473
Whence
24T —24ToT*—EaP=o .
When T4 = o, T is given by (03)

EaP?
24

=
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Other useful relations which may be easily derived for a

uniform transverse load and Ty = o are:

Eald
3 o
R 24 P
L?
ynasas_R
3P
y'na:—64Ea
Let T/a = ¢, then
-
- L
EP?
Tt
_ 3l
y’.ﬂ‘ 8E
I’E
Y

Tension due to non-uniformly distributed transverse loads.

For a single concentrated transverse load at the center of a -

wire initially just taut,

EapP?

T"=8

A frequently occurring case is a distributed load in which
p = kx, where k= constant. In this case

45T _4sToT*
2 2

—EaP=o

This expression and similar ones for other types of non-
uniformly distributed loads may be readily derived by procedure
similar to that used above for uniform loading.

Determination of initial tension or slackness for a glvea
final tension in a wire loaded transversely. A {requently
occurring problem in airship design is to find the initial tension
or slackness required for a wire which will have a specified final

tension or curvature when subjected to a given transverse load. .
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This problern must be solved by calculating the value of the
initial tension Ty, which will give the required T.

The following example illustrates various ramifications of
the preblem of determining tension in a transversely loaded
wire.

Example. Find the initial tension and cross-sectional area
required in a wire to bulge 6 in. under a uniform transverse
load of 18 lbs./it. with a tension of 50,000 1bs./in.2, given that
L= 13 ft., and E= 30,000,000 lbs./in®. From the foregoing
data, '

P = 18X 13 = 234 lbs.

! 13X13 )
R=5= A% s 42.25 ft.
T = Rp = 42.25 X 18 = 760 lbs.

T 760 2
¢ ===—"""— = o152in

: 50,000

From the expression
24T~ 24Ty, -~ EgPl=0

24T*-—EacP?

(24 X 760%) — (30,000,000 X .0152 X 234%)
- 24 X 760°
= — 1,040 lbs.

A wire cannot be set up with an initial compression, and so
the negative T must be converted into terms of initial slack,
given by
T.L
Ea

— 1,040 X 156
= 30,000,000 X 0152

AL:

= —.356 in.

ie., the wire must have an initial length .356 in. greater th
the 13 ft. between its terminals.
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Effect of initial netting tension on gas pressure loads onm .

longitudinals. The [ollowing investigation into the effect of
the tension in the gas cell retaining netting upon the radial
gas pressure loads on the longitudinals is confined to the special
case of longitudinals of equal depth at 11°s5’ apart around the
circumference of a cross-section of the hull of a rigid airship
135 ft. diameter. .
The character of the calculations is such that a general
expression for the radial loads cannot be handled, and every
case must be considered by itself. Nevertheless, some deduc-
tions of general applicability are made. ‘
The method of analysis is as follows:

Let 2 = clear distance between bases of consecutive longi-

tudinals
x = maxirium depth of the curve of the netting between
longitudinals

r = radius of curvature of the netting
a = half of the arc subtended by the netting at its
center of curvature
A8 = the angle between consecutive sides of the ship
¥ = the angle between the radial line through a longi-
tudinal and the tangent to the netting at the base
of the longitudinal
$ = the mean unit gas pressure on the panel of netting
#o = the initial tension in the netting per unit width
¢ = the final tension in the netting due to the pressure p
w = the running radial load put upon a longitudinal by
the netting on one side of it
E = modulus of elasticity of the wires
& = civns-sectional area of the wires, assumed to run
transversely at unit distance apart
The following simple relations between the above quantities
are readily derived from the preceding discussion:
w =} cos Y
¥ =9+ Ab/2 - a

sin a = v/2r

et «

S T

© e e D ¢
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% = 1*/8r

r=1p
B~ = Ea (p)?

Let it be given that v= 12.5 ft., E= 20,000,000 lbs./in?,
and a = .or in.? for transverse wires at 1 ft. apart.

The values of ¢, w, z, etc., are plotted in Figures 56 and 57
against pressure from o to 20 Ihs./ft.? (3.85 in. of water). Five
different values of #, are considered: — 200 lbs.,, — 100 1bs,,
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Figure 56. Radial Load on Longitudinals from Gas Cell Netting of Various

inidai Tensions

o, + 100 lbs., and 4 200 lbs. Negative initial tension in the
usual sense of the term (i.e., compression) is, of course, impossible
with wires. The term is used here to indicate that the wires
are slack, having the additional amount of length, which would
produce the specified negative tension if they could sustuin
compression without buckling. For example: 7 is the distance
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between the wire terminals, and A v is the additional length of -

the wire. By the theory of elasticity, — Az = v l,/E a.

y
s S—
P w/_/—;’/‘?
g2 /
z "o
P o o e el
g - o o
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Rt /z// //
¥
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B
) / 7
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Figure 57. Bulge of Gas Cell Netting of Various Initial Tensions

The initial lateral deflection, @, which can be produced by
plucking at the center of the wire to take up the slack without
producing tension is given by:

%% = vAy/2
In the case under investigation,

When {0 = — 200 lhs,
As = 150 X 200/ 350,500 = 159 4,
3% = 150 X .150/2 = 11.2§ in?
Zo = 3.36 in.

When ;= — 100 1bs.
Ay = 150 X 100/200,000 = 07§ in.
2% = 150 X .075/2 = §.625 in?
Zg = 2.37 in.
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Practical application. The curves in Figure 56 show the
variation of w with p for constant values of f; and by following
along the vertical lines, the variation of w with # when p is
constant may be noted.

It should be the aim of the designer to keep w small, although
some positive value for it is desirable to offsct the inward load
from the outer cover. For any particular gas pressure g, there
is an initial tension 4, which will result in w = o; but p varies
with the fullness of the gas cell and the superpressure; and it is
not possible to adjust 4 with any great accuracy. Prebably the
practical range of uncertainty of /, may be set at roo Ibs. for
panels of the size under consideration. Figure 56 shows that
within the range of {,= = 50 lbs., the variation of w remains
about 4 1bs./ft. for the entire range of pressure. Since nctting
is secured to both sides of the longitudinals, the range of un-
certainty for w for any given pressure is about 8 Ibs./ft.

As a typical case, we may consider a longitudinal girder
18 ft. in length between fixed ends, and having a section modulus
Z = 2.5 in® The maximum bending moment is given by:

‘ M = w12
For the uncertain load of 8 lbs./it.,
M = 8 X 18/12 = 216 ft. lbs.
2592 in. lbs.
1,037 1bs./in2

i

f=M/Z = 2592/2.5
That is, there is an uncertainty of about 1,000 lbs./in.? stress
due to uncontrollable variations in #.

The curves in Figure §6 are carried up to a pressure of
20 lbs./ft.%, but in practice it is hardly necessary to consider
pressures over about 1z lbs./ft.? cven at the top of an airship
of this great size.

When p = 121bs./ft2 Ea = 200,000lbs.,and fp = o;w = 10.4
Ibs./it., t = 570 lbs., and #/a = 57,000 1bs./in.? The radial load
w is high; and the unit stress of 57,000 1bs./in? is very moderate
for high tensile steel wire. Better results are obtaincd with
lo = 200 lbs. We then have w= 11.8 lbs./ft., #= 647 Ibs., and
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t/a = 64,700 1bs./in? This is a considerable improvement in
w over the case when /= o, and the unit stress is not high.
The objection to such a large initial tension is the inward load
put upon the longitudinals when there is no gas pressure.

It is obviously desirable to have w vary as little as possible

with varying pressure. This may be accomplished by increasing .

the cross-sectional areas of the wires. The curve of w against
p with {o= o0 and Ea = 400,000 lbs., 1s plotted in Figure 56,
and is found to be very much flatter than the curves with Eg

= 200,000 Ibs. At p= r21lbs./ft.2 w= 4.401bs./it. only, t= 720

Ibs., and ¢ /a = 36,000 lbs./in.? The more constant value of w
is obtained at the cost of greater weight cf the gas-cell wiring.
It should be noted that reducing w by increasing either i,
or ¢ decreases the gas volume through the reduced bulge of the
gas cell between the longitudinals
The best compromise between maximum volume of the gas
cells with light netting wires on one hand and minimum load

on the longitudinals on the other hand, must be determined by

investigation of each individual case. No general rule can be
given.

Estimating E for steel wires at 20,000,000 lbs./in2, instead
of 30,000,000, gives a reasonable allowance for stretch of the
wire terminals.

The Main Transverse Frames

The transverse strength and rigidity of rigid airships is
derived almost entirely from the cross-wired main frames. The
intermediate frames are necessarily without cross-wiring hecause-
of the presence of the gas cells, and are therefore very flexible.
Besides giving transverse rigidity to the airship, the main frames
also act as bulkheads between adjacent gas cells, and the most
severe loads which come upon these frames are the gas pressure
forces resulting from the deflation of a gas cell adjacent to a full
one. The only other important loads carried by the main frames

Cay i e iy
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result from the concentrated loads in the keel, which are balanced
by the lift forces carried to these frames through the longitudinals
and the shear wires,

The redundancy of the main frame structure is so great that
it is very diflicult to make exact computations of the stresses in
the girders and transverse wiring duc to the lift and weight
forces upon ithe frame. A good approximation may be obtained

by dividing up the greater part of the wiring between three or

four statically determinate systems, and apportioning the load
between these systems according to the “inverse ratio method”
described in the previous chapter.

The stresses resulting from the weight and buoyancy forces
on the main frames are rarely more than 30%, as large as those
resulting from the deflation of a gas cell.

Note on the numbering of the frames. It is customary to
number the transverse frames of rigid airships by their distances
in meters from the sternpost, (i.c., the cruciform frame at the
trailing édgc of the fins). The five-meter frame spacing which
has hitherto been standard practice makes this system of num-
bering very convenient. Frames aft of the stern-post are desig-
nated by minus signs before their numbers.

Specimen computation of stresses in a main transverse
frame. A main frame 79 ft. diameter is loaded with a weight
of 6,500 lbs. at the keel. This load is balanced by lift forces
applied to the joints of the frame, partly as radial loads frown
the longitudinals, but to a much greater extent as tangential
forces transmitted to the joints by the longitudinals, the netting

" aiid Arost of all, the shear wires. The calculation of the stresses

in the frame can be much simplified by assuming that the lift
forces at the joints are entirely tangential; and the small error
which results is upon the safe side, since the actual radial forces

at the joints produce tensions in the girders, relieving to some

extent the compressive forces produced by the other loads. It
is sufficiently accurate to assume that in accordance with the
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Figure 58. Simplified Main Frame
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shear theory, the tangential forces at the joints are proportional
to sin 9, and the vertical forces to sin?d. The tangential force at
any joint is then 6,500 sin /2 sin®0. The tangential forces at
the joints and the 6,500 lbs. vertical load at the keel are assumed
to be shared between two statically determinate systems.
System 1 consists of the transverse girders and the radial wires
shown in Figure 38. System 2 consists of the girders and the
chord wires converging at the joints at the bottom of the keel.
Each system is solved by itself by ordinary analytical or graphical
methods for determinate structures. The stresses S, and the
internal work S?L/2EA, for both systems are shown in Table 1g,
from which the sums of the work, (0, and Q; are obtained.

TABLE 19. COMPUTATION OF STRESSES IN A MamN Frame

System 1 System 2

S =

Mem-{ L A E 151 ISR I TRYIE 3
ber | in. int Iba./in3 5 Sul Sy Sl bs. bs. +Ny

Ibs. 2k4 Ibs. 2E4 bs.

in. ibs. in. lbs.
AC | 236 ) 40 10,500,000 | —2,044 244 1,778 8 {~r1,150 |—1,68% {~2,332
CE | 236 }.40 10,500,000 { —2,436 107 |~1,870 66 |— oso j— o5t {~1,908
EG | 236 {.40 13, 500,000 | —1, 54% b7 {—1,130 35]— 6o3 ]~ oy7 j-s.280
G1 236 }.40 10,590,000 |~ 48% 7 1~ 485 7 |— 189 |- 2¢5 |~ 4%
1K | 236 {.40 10,500,000 [+ 485 7t 485 7|+ o i+ a00 [+ 485
OA ] 475 | 00817 | 39,000,000 1.451 ] 4,080 . 560 500
CC { 475 §.008%17 | 30,000,000 1,326 | 3.410 S17 517
QFE | 473 {00817 | 39,900,000 930 | 1,860 3382 392
0G ] 4718 |.00%17 | 30,000,000 500 485 108 198
MA | 955 {.00317 | 30,000,000 400 618 144 244
MC | ¢oo J.00817 | 30,000,000 920§ 3,130 561 501
ME | 700 ].008:i7 | 30,000,000 7501 1,820 4358 454
MG {| 635 {00817 | 30,000,000 750 845 348 338
10,327 6,610

Q1 = 10,327 in.lbs.

Q. = 6610 inlbs.
_@

=0 +0. "%

Js=1-—-q1 =.61

he stresses in the members as parts of systems 1 and 2
are multiplied by ¢, and ¢., respectively, and the total stresses
are assumed to be ¢:5: + ¢25..



206 AIRSHIP DESIGN {Ch. 8

Stresses due to the deflation of a gas cell. The pressure of

a full or partially full gas cell adjacent to an emply one, or the
- differential pressure between two uncqually inflated cells throws
transverse loads upon the wiring of the frame, producing tensions
in these wires, and compression in the boundary girders of the
frame. Owing to the extremely complex system of transverse
wiring used in modern rigid airships (Figure 49, page 174), it
is impracticable to make an exact calculation of the manner in

which the gas pressure loads are distributed among the wires,

A very fair approximation to the loads in the frame may be
obtained by assuming that the entire system of transverse
wiring is replaced by a simple system of radial wiring in which
the cross-sectional areas of the wires are assumed to be twice
as great as the areas of the actual radial or diametral wires of
the airship. Calculations of the forces at the joints of the main-
frames, assuming this simplified system of wiring, have been
fourd to agree very well with the forces computed from the
observed tensions in the transverse wires in all gas-cell tests for
which data are available.

The computation of the tensions in an initially taut wire to
which a transverse load is applied is described on page 193; and
applying the method to the tensions in a system of radial wires
between an empty cell and a cell fully inflated, but without
superpressure, it is found that the tension in the upper vertical
wire is given by:

TR 33 ¥R tan’a 6 &

Ea 280 T 2R (94)
where

7 = the tension in the wire

R = the radius of the transverse frame

£ = the modulus of elasticity of the material of the wire

@ = the cross-sectional arca of the wire

k = the unit Lift of the gas

a = half the angle betwecn successive radial wires

& = the longitudinal movement of the eenter ring to which
the radial wires are attached
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Similar expressions may be found for the other radial wires.
For the horizontal and the lower vertical wires, the cocfhicient
33/280 is replaced by 2/45 and 17/2,520, respectively.  These
expressions arc derived on the assumption that there is no
vertical movement of the center ring.  Actually, the movement
of this ring adjusts the tensions of all the radial wires to ap-
proximately the tension calculated for the horizontal wires,
which are not appreciably affected by the vertical motion of
the center ring.

The longitudinal movement of the center ring may be calcu-
lated from the stretch of the axiai cabie sccording to the ex-
pression:

TL
’=Ta

Where T Is the tension in the axial cable, and is assumed to
be one-third the total gas pressure load on the transverse frame;
L is the distance from the frame to the end of the ship on the
side of the frame opposite to the deflated cell. Since the axial
cable is of stranded wire, E is taken as 17,100,000 Ibs./in2, or
57% of the value for solid stecl wire.

When there is no axial cable, the tension in the horizontal
radial wires is given by

0¥ =Eg R anta {95)
This may be taken as the approximate tension in all the wires
of a simple radial or diametral system of wires without an axial
cable. :
The compressive force in the girders of the transverse frame
due to ihic tension T in the cquivelent radial wive is given by

T
2 sin o

Applying this method to the calculation of the stresses re-
sulting from a deflated gas cell separated from a full onc by
the transverse frame in which the effect of a 6,500 1b. load in
the keel was computed (page 203), we have:

S =
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R = 38.2 ft.

a = 2 X 00817 = 01634 in.?
E = 30,000,000 lbs./in.2

k= 068 1b./ft}

a = 14°15/, tan a = .254

The mean pressure on the end of the cell is 2.7 Ibs./ft.?, and
the-area of the end of the cell is 4,510 {1.%, whence the load on
the axial cable is 2.7 X 4,510/3 = 4,060 Ibs. The cross-sectional
area of the cable is .1105 in2, and the distance of the frame from
the end of the ship on the side of the full cell is 600 ft., whence
6 = (4,060 X 600)/(17,100,000 X .1105) = 1.285 ft., and from
equation (94),

3827 _2 (.0632 X 38.27 X .2543) n 1.285%
30,000,000 X .01634 45 12 2 X 38.2
Whence T = 2,820 lbs., and the compressive force in each

transverse girder is 2,820/(2 sin 14°15") = 5,730 lbs.

Unwired main frame. In airships of about 4,000,000 cu. ft.
or over, the main frames may be constructed as deep rings with-
out transverse wiring, as shown in Figure 59. Such a frame has
only two redundant members, irrespective of the number of

sides, so that it may be analyzed by the conventional method-
of least work more accurately than by inverse ratio, and almost

as readily. There are no tight wires across the frame, but only
a loose netting to take the end pressure of a gas cell in case of a
differential pressure between two cells, or the deflation of one
of them. This loose netting permits the end of the cell to bulge
deeply, 5o that the stresses resulting from a deflated gas cell are
much less than in cross-wired frames.

The deep ring frame is not nearly as efficient as the wired
frame in resisting distorting forces, such as the lift of the gas
at the joints around the circumference, opposed by the weights
concentrated at the corridor. This difficulty may be avoided
cither by carrying the principal weights well out from the center
line in the main frame itself, instead of in the corridor, or by
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having two corridors placed as indicated in Figure 9. Either
arrangement considerably reduces the stress in the frame; but
even so, the stresses due to lift and weight are greater than those
due to a deflated cell.

This type of frame has a great many girders, some of which
carry relatively small loads, so that because of the minimum
cconomical limit of girder sizes (page 245) the construction is not
efficient for frames less than about 100 ft. diameter. A great
advantage of it is the ready access it gives to the greater part
of the ship structure in flight. - The decp ring frame may also be
regarded as an cxumple of the general trend of aircraft design
away from complex systems of wiring with their variable and

uncertain distributions of tension.

The Intermediate Transverse Frames

The intermediate transverse frames serve as struts between
the longitudinals, assisting them in connection with the shear
wires to maintain the longitudinal rigidity of the ship. They

also reinforce the longitudinals against the gas pressure, and

loads from the outer cover. o

The intermediate frames are very limber because of the
absence of transverse wiring, and they are distorted by the gas
pressure forces applied to them by the longitudinals and gas-ceil
netting.  Owing to their limberness, the intermediate frames
are not seriously stressed by their distortion; but the distortion is
very important because of the stresses it throws back into the
longitudinals, The f{orces at each joint of the intermediate
frames may de resoived in three directions as follows:

(@) The resultant of the radial and tangential gas pressure loads
transmitted to the joint by the longitudinal girder and
the gas-cell netting.

(8) The end load along the transverse girder above the joint.

{c) The end load along the transverse girder below the joint,
and in the same direction, the comporent in the transverse
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plane of the tensions in the shear wires of the panel below
the joint.

A sample computation of the gas pressure loads upon the
longitudinals of a 32-sided airship, 122 ft. diameter, is given on
pages 187 to 189. The intermediate frame spacing is 20 ft.., fmd
the radial and tangential gas pressure forces acting at the joints
of the intermediate frame are assumed to be 20 times the running
loads per foot calculated on the longitudinal girders. .T.he
tension in the intermediate transverse girder above a joint
equals the radial force at the joint divided by 2 sin A_B/ 2 and
diminished by the tangential load divided by 2 cos A 6/2.

TABLE 20. STRESSES IN THE INTERMEDIATE FRAME Due 1o THE GAS

PRESSURE

Intde. Radial Load Tangential Load Tension in Girder
‘Trans, 2 sin A0/3 2 cos 40/2 Ibs.
Girder Ibs, ’ Ibs.
AB , 560 34 7,526
BC ;.ixo 67 7:343
cD 7,150 97 7,053
DE 6,7% 123 6,657
BF 6,350 145 6,205
G 5,861 101 $.700
Gl 5,326- 171 5,155
HI 4,775 175 4,600
1] 4,221 171 4,050
JK 3,681 161 ) 3,520
KL 3.190 145 3,045
LM 2,763 123 2,040
MN 2,410 97 2,313
NO 2,140 67 2,073

A0 = 11° 1%’

2 sin AA/2 = .106
2 cos AO/2 = 1.9904

Table 20 shows the computations of the tensions in the
girders of an intermediate frame, based on the radial and tan-
gential loads calculated in Table 18. .

Some confusion may arisc from the emphasis placed here
on the distortion of the intermediate frame by gas pressure,

R

PO S,
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since it was shown in Chapter VI that cross-sections of the ship
to which no concentrated loads are attached tend to remain
circular, in spite of the gas pressure.  The explanation is that the
distortion iz mainly in the nature of an increase in the dizmeter
of the original circle due to the tension in the girders, while the
bottom point remains fixed relatively to the main frames; and
such departures as occur from a circular shape result from vari-
ations in the sizes of the shear wires and frame girders, and
irregularities i the gas pressure loads due to variable curvature
in the gas cell netting. There is, of course, an absolute distortion
of the intermediate frame following the slight distortion which
occurs in the main frames in spite of the restraining cffect of the
wires, but we are concerned here only with the movements of
the intermediate frames relatively to the main frames.

To calculate the movements of the joints of the intermediate
frame, it is necessary to know the stresses in the girders of the
frame and also the tensions in the shear wires which transmit
the lift from the intermediate to the main frames.

Calculation of the tensions in the shear wires from the lift
of the intermediate frames. In this calculation, we determine
first the component of tension in the transverse plane. This
cornponent is § sin ¢, where S is the total tension in the wire,
and ¢ is the inclination of the wire to the longitudinal. Begin-
ning at the top joint of the intermediate frame, the sum of the
transverse components of the tensions in the shear wires leading
downward and outward from the joint equals the tension whick
must be added to the tension in the uppermost girders of the
intermediate frame to balance the radial load at the top joint.

Similarly, at any other joint, the component of the shear
wire tension in the transverse plane equals the total temsion
necessary to give equilibrium with the radial and tangential
forces, minus the tension in the girder. Or more simpiy, the
component of the wire tension in the transverse plane in the
panel below a joint equals the radial force at the joint divided
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by 2 sin AS/2, plus the tangential load at the same joint divided
by 2 cos 49/z, less the tension in the transverse girder of the
same panel. All these forces, including the divisions by the
sine or cosine of A0/2, are calculated in the determination of
the forces in the transverse girders (Table 20).

An easier method of computing the shear wire stresses in the
case when the netting has the same curvature in all panels, and
the longitudinals are at the apexes of a regular polygon, is to
apply the shear theory. (Chapter VII.)

Let S, = the sum of the tensions in the shear wires in any
panel
¢ = the inclination of the shear wires to the longitu-
dinal girders
F = the total gas lift upon an intermediate frame
6 = the inclination of a panel to the horizontal

Then by the shear theory, and neglecting the weight of the inter-

mediate frame,
Fsin g
Zsin? 8

Swsin ¢ =

But Tsin?8 = n/2 (see page 167), where n is the number of sides of

the ship; hence
2F sin @

Sv 5in ¢ = ~

When the ship is fully inflated & = = K%, I, where [ is the inter-

mediate frame spacing. In this particular problem,
F = 064 X x X 60.22 X 20 = 14,600 lbs.
Swsin ¢ = gr2sin 0 :
The numerical values of S, sin ¢ for all panels are then as
shown in Table 21.

Distortion of the intermediate frame. For the calculation
of the movements of the joints of the intermediate frame, the
structure is assumed to be pin-jointed with inelastic longi-

tudinals, as in the shear theory of longitudinal strength. The .

movement of each joint is then determined by the stresses in
the structure consisting of the transverse girder above the joint,
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TABLE 21, TrANSVERSE CoMPONENTS Or TENSIONS IN SiEar WIRES
(Se sy ¢) DUE TO LiFr O THE INTERMEDIATE [rami

Pancl 0 ¢no Sesing E“)lﬂ sin 9
AB 84° 224" 0980 8g.5
-] L4 ”

& | bR i Y
DE 5o° 3704 6344 579
EF 397 22)5" 7730 708

9 § T . &

Gl s o560 ]
HI 57 37547 .9952 908
Iy -5 34%* ' 19952 9o
%{K - 107 5247 -9569 354
By s 75 703
MN — 50”3734’ 6344 sy
NO — 61° 5214’ 4714 431

and the shear wires in the panels above and below the joint.
Considering the radial and tangential movements separately,
the former is given by

o .
SL - (girder) + (Ssing) L

(wires)

2EA sin? P sin T

And similarly, the tangentis! movement is given by
(Ssin¢) L

2EA sin? ¢ cos >y

(wires)

These coguations are a three-dimensional application of

o~ ———

Ve Yo Ahmpan PR SVPRIS. SR Rapt RIS, PRy p
”‘M"ul} 5 wualGicht O 1eCiprilar Qidpraliiuicize,

In reality, the girders are continuous, instead of pin-jointed;
the gas-cell netting, the outer cover, and the weight of the struc-
ture oppose the movements of the joints, so that the actual
movements are only ahaut ane-half ta two-thirds as much as
calculated. It is on the safe side to multiply the caleuluted
deflection by two-thirds, or to assume E increased by 50%,.
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Sample calculation of the distortion of an intermediate
frame. The following sample calculation of the distortion of
an intermediate frame is based on the longitudinal girder loads
computed in Table 18. It is given that:
. L (girder) = 135in.
L (wires) = 375in.
E (girders) = 1.5 X 10,500,000 = 15,750,000 [bs./in}
E (wires) = 1.5 X 30,000,000 = 45§;000,000 lbs./in.?
A (girders) = .40 in.?
A (wires) = .032int
sin A8/z2 = .098
cos Af/2 .9952
sin? ¢ = .500
The magnitudes of S sin ¢ are given in Table 21. From these

(]

figures, the radial movement of any joint is equal to .coorog

X (tension in girder above joint) 4 .00225 X (tension in wire
below joint less temsion in wire above joint) X sin ¢.

And the tangential movement is .000222 X (sum of tensions
in wires above and below the joint) X sin ¢ — .coco107 X (ten-
sion in girder above joint).

TaBLE 22. MOVEMENTS OF JOINTS OF INTERMEDIATE TRANSVERSE

Fraxe
Stress in Stress in Stress in . .
Joint Girder above| Wire above | Wire above ﬁmti;dl T;l;g;:_ntml
Joint Joint X sin ¢ | Joint X sin ¢ otion olon
Ibs. Ibs. Ibs. 1. .
A o 1) 89.3 . 404 o
B 7,526 89.3 263 1.214 —.002
C 7.343 265 431 1.174 .076
D 7082 a2t £79 1703 148
E 6,657 579 7053 X.009 .214
F 6, 205 705 803 .got .26g
G 5,700 803 874 776 311
H 5.15% 874 o8 .638 341
I 4,600 o8 - g3 .501 354
J 4,050 908 874 -364 .353
K 3,520 874 835 .229 -334
L 3,045 So05 705 L107 .302
M 2,640 703 579 .004 .257
N 2,313 579 43¢ —.081 .15G

e, e ARy A i

[T 9
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The movement of the top joint is purely radial, and the
sectional area of the shear wires is doubled to allow for the wires
on both sides of the ship restraining the movement of this joint.
The convention with regard to signs is that radial movements
are counted as positive when outward, and tangentiu! move-
ments as positive when upward.
The calculations are shown in Table 22.

Stresses in the longitudinals due to distortion of the inter-
mediate transverses. The longitudinal girders are considered
to be fixed in position and dircction over the main frames, and
to be continuous, but not fixed in direction, over the inter-
mediate frames. When there is one intermediate frame the
bending moment in the longitudinal girder at the main and
intermediate frames is given by

st
where

M = the bending moment

E = the modulus of the girder in bending

I = the moment of inertia of the cross-section of the girder
about an axis perpendicular to the plane of bending

A = the deflection of the joint of the longitudinal girder with
the intermediate frames out of the straight line
between the joints with the main frame

L = the length of the longitudinal between main frames

When there are two intermediate frames between main
frames, the bending moment at the main frames due to equal
deflections A, of the two intermediate frames is given by
L3 E IA

M I

And in this case the bending moment at the intermediate frame
is given by
- 1I8ETA

M I
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The fiber stress due to the bending moment is given by:
f= My/I, and by substituting in the foregoing equation for M
when there is one intermediate frame between main frames:

24EAy
f=' F)

And when there are two intermediate frames,

Jf= 3—‘5—%2—A—3-' at the main frames
and /= 18 izA_Z at the intermediate frames

For Zeppelin type girders in bending, E = 9,000,000 lbs./in.},
approximately.

As an example of the stresses produced in the longitudinals
by the distortions of the intermediate frame, it is given that
longitudinal C in the foregoing example on the calculation of
the distortion of an intermediate frame is of isosceles triangular
section; ¥ from the tangential neutral axis is 8.5 in. to the apex
chanrels, and 5.7 in. to the base channels; y from the radial
neutral axis is §.3 in. to either base channel; the main frames
arc 6o ft. apart with two intermediate frames between them.
From Table 22, the radial and tangential Inovements of the inter-
mediate frame at the C longitudinal are 1.174 in. and .076 in.,
respectively.  The resulting compressive stress in the apex
channel at the main frames is

36 X 9,000,000 X 1.174 X 8.8
720%

= 6,250 lbs./in3

The lower base channel receives the maximum compressive
stress at and between the intermediate frames where it is in
compression from the bending produced by both the radial and
tangential deflections; the stress is:

18 X 9,000,000 .

*7950‘—‘ ((r.174 X 5.7) + (076 X 5.3)] = 2,220 Ibs./in?

It may be noted that the stress produced in the apex channel

by the radial deflection is of very considerable magnitude,

ABiasrinatel SandON 55w NI o

[
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The tangential deflection produces stresses in the base channels
only.

Since the distortion of the intermediate frame is due mainly
to radial gas pressure loads on the longitudinals, and these loads
result from the bulge of the gas pressure netting, the large stresses
which may be produced in the longitudinals by the movements
of the intermediate frame furnish an important argument for
keeping this bulge as small as practicable.



CHAPTER IX
DESIGN OF GIRDERS

Materials of construction. Airship girders have been con-
structed of wood, aluminum alloys, and high tensile stecl.
Wooden girders were developed to a high degree of perfection
by ihe Schittte-Lanz Airship Company. Until the development
of the aluminum alloy known as Duralumin, wood was probably
the most suitable material available. The development of
duralumin gave airship designers a very perfect material for
their purposes. At first it was believed that this metal, among
its other excellent properties, had almost complete freedom from
corrosion. In recent years it has been found that, like other
materials, it must be protected against the weather by protective
coatings of paint or some such oxide as the recently developed
electrical anodic process. The most serious feature of duralumin
corrosion is that instcad of being a surface action which puts
forth its own warning signals like the red rust of steel, it is

mainly an intercrystalline action working from the outside’

toward the interior of the metal and difficult to detect.
With duralumin, as with other metals, corrosion becomes

less serious as the thickness of the material increases, and it is -
believed that with thicknesses greater than about .06 in. the.

loss of strength through corrosion of reasonably well protected
and cared for duraiumin is not iikely to become serious within
the life of an airship. The subject of corrosion of duralumin and
methods of preventing it is very much to the fore in acronautical
engineering, and it may be expected that great progress in our
knowledge of the causes and prevention of corrosion will be
made in the next few years. _

One advantage of duralumin is that immediately after heat

218

S B A AR 4
f

e -

L Bt

A

Ch. o} DESIGN OF GIRDERS 219

treatment it is comparatively soft, and may be conveniently
worked into any desired shape before the process of aging, which
takes two or three days to develop the hardness characteristic
of finished duralumin. Some investigators have belicved that
working after heat treatment renders the material more liable
to corrosion, but the basis of this belief is not well established
and may be regarded with some skepticism.
A typical chemical composition of duralumin is as follows:

107 ¢ 073 S O N 4.23%
Magnesium. .ot i e 54%
Manganese. .cioivinrnineeentosnsnirannannaes  .52%
D 53+ S ¥ & 2
LS G O . 26%,
Aluminum. . i e cr e 04.00%

Physical properties are as follows:

Tensile strength at ultimate, ..., ... ‘55,000 Ibs. per 5q. in.
Tensile strength at elastic limit..... 30,000 lbs, per sq. in,
Elongation in 2 In, at ultimate strength............. 1855
SPeCift Eravily. oo e i et i it e 2.81

-Both the yield point and ultimate tensile strength may be

increased about 10,000 1bs. per sq. in. by a moderate amount of
cold rolling, which reduces the elongation to about 15%.

High tensile steel. Tigh tensile steel has certain advan-
tages over duralumin as structural material for aircraft, pro-
vided the forces involved are sufficient to permit of a rea~onable
thickness of material being used. It has a somewhat greater
ratio of strength to weight, and it is therefore invariably used

[for the wirtng of airships. Loads upuir present types of rigid

airship girders arc not sufliciently great to use steel of a practi-
cable thickness, so that it can not be considered as a scrious rival
to duralumin until airships are constructed much larger thin
at present, or types are evolved having fewer and larger girders.
The keel of a semirigid airship is a structure in which the forces
in the individual members may be sufficlently great to justily
the use of steel.
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Old type of Zeppelin girder. The type of girder in most
general use in rigid airships has been developed by the Zeppelin
Company. It is usually of triangular section, although rec-
tangular and “W’’ sections are also used for special purposes. In
triangular girders there are three longitudinal members of
lipped channel section, one along each apex of the triangle. In
rectangular girders there are four longitudinal members of
lipped angle section; in “W” girders lipped channcls or amgle
members are used as best fits the exigencies of the case. Typical
lipped angle and channel members are shown in Figures 6o and
61. The sides of the girders are laced with stamped lattices of
corrugated section, and for mutual support the lattices are in
pairs crossing each other at their centers and riveted together
at the crossing.

A peculiarity of the Zeppelin girder which at once strikes
the eye of the engincer accustomed to other types of structures,
is the curious unsymmetrical placing of the lattices. One of the
fundamental rules usually accepted in girder design is that the
center line of lattice members should intersect on the center line
of the longitudinal members. This rule is altogether violated
in Zeppclin girders.
transverse shearing forces induced in the longitudinal members
by the gaps between opposed lattice members produce only
negligible stresses in the channels; but on the other hand, the
arrangement of lattices adopted by the Zeppelin Company

reduces the unsupported length of channels between bracing -

members with a given number of these members, and this
reduction of the unsupported length greatly increases resistance
of the channels to compressive loads.
illustrated in Figures 61 to 65. In girders designed for purely
compressive loads, the cross-sections are usually equilateral
triangles. For girders designed to carry beam loads or combined

beam and column loads, as in the longitudinal girders, isosceles -

triangular sections are preferred, with the altitude considerably
greater than the width of the base and in the direction of the

The reason for this peculiarity is that the

Girders of this type are.
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principal transverse load, i.e., radially to the cross-scction of the
ship.

The lattices. The lattices used in Zeppelin type girders are
stampings made from duralumin sheet, usually .02 in. in thick-
ness. This is about the minimum thickness of material which
will permit of reasonable stiffness to resist damage from handling
and men climbing about on the girders.

Tensionmeter readings taken at the Bureau of Standards on
lattices in girders under load show that the stresses in the lattices
are extremely small. Values of 2,000 to 3,000 lbs. per sq. in,
are the maximum met with. The only failures encountered in
the testing of 150 girders were those which occurred in the
thinnest lattices and at shears in the girders far beyond the

~ loads met with in practice. A design for a new lattice may well

follow the Zeppelin prototype as to the depth of rib and bring-
ing the edges up to the neutral axis. It should have the proper
slope, according to the depth of girder, to break down the length
of the longitudinal members to give the I/r ratio desired. It is
believed that the high center rib should be carried out as fur as
possible. This adds to the stiffness of the channel when in
place and assists it to carry compressive loads. It is found

- that the exact form of any lattice is considerably influenced by

the necessity for providing certain radii and *“draws” in the
dies.

Compressive strength of duralumin channels and angles.
Airship girders are usually designed with the ratio of the length
to radius of gyration less than 30, so that primary failure by
flexure under column loading hardly has to be considered; snd
the most important criterion of strength is the load which-the
longitudinal channel or angle members will sustain as columns
between the lattice bracing members., This is the limiting
factor for both beam and column loading. An important scries
of tests undertaken by the Massachusetts Institute of Tech-
nology at the instigation of the Bureau of Acronautics is de-
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scribed in the National Advisory Committee for Aeronautics
Note No. 208, “Tests on Duralumin Columns for Aircraft Con-
struction,” by John G. Lee, from which the following is taken:

Compression tests were made on four sets of heat-treated
duralumin columns of different cross-section and varying thick-
ness for different values of !/r. The specimens to be tested
were cut to length, their ends machined square, and mounted
between hemispherical bearing caps in an Olsen vertical testing
machine (accurate to 20 lbs.). In mounting the specimens, a
template was used to insure accurate centering. The load was
applied by hand. Three individual tests were averaged for
each point appearing on the plots.

The most interesting thing to be observed in the plots is the
behavior of the columns at low values of I/r. While at the higher
values {!/r = 80 and upwards) the points lic close to Euler’s
curve, at the lower values they do not break away in the para-
bolic form which we ordinarily expect. Instead, the curves
break away rather earlier and in some instances remain concave
upwards throughout their entire length. This tendency is most
marked in thin sections with free edges far from the neutral
axis, such sections being peculiarly liable to secondary failure
by crinkling. Presumably, if the curves for such sections were
continued below I/r = 20, they would continue rising more and
more steeply until they reached the ultimate compressive strength
(55,000 lbs./sq. in.) at I/r = o. As the sections are thickened
up, the points lie closer to a straight line than to a curve. It
may therefore be assumed that if we continued to increase the
thickness the curve will eventuaily become convex upward, and
take the more familiar form, the maximum value being at 55,000
Ibs./sq. in. atI/r = o as before. For two of the groups of sections
{series A and B) the reversal in curvature sctually appears.

This peculiar deviation from conventional column behavior
appears to be due to local failure of the long unsupported flanges
of the column. This failure is manifested in several wﬁys. In
the shorter columns it takes the form of direct local buckling.
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Compression tests mark “A” heat-treated duralumin columns, Columns tested as pin-ended
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In the longer columns both flanges occasionally bend in the
same direction, which amounts to giving the center of the column
an angular displacement relative to the ends, and the failure is
by twisting. Again, if the flanges bend in opposite directions,
distortion takes place, and not infrequently the column fails
about an axis which formerly had the greatest moment of inertia.
In the case of the plain angle sections, where the outstanding
legs receive the least support of any, the outer portions of these
legs appeared to act as separate columns and buckle separately,
as could be so noticed during the test.

It is useful to adopt a formula which will approximately fit
all of the various column sections with which the designer is
concerned. It is bound to be over-conservative in most cases,
but the designer is constantly in need of some such formula for
sections on which he has no tests. The follewing are accordingly
suggested for pin-ended columns:

Froml/r =otol/r = go

f. = 35,000 — 250 /1 (96)
From I/r = go upwards
fc = IO0,000,000/(I/T)z (97)

The first of these is an entirely empirical straight-line formula
which is practically tangent to the second at I/r = go. The
second is Euler’s formula f, = (r)? E/(}/r)? where E for duralu-
min has been taken as 10,130,000 lbs./sq. in., which is a very
reasonable value. Another formula which is of interest is that
suggested by the Army of the form

Je = .8 (47,000 — g00(l/1)] (v3)

for vaiues of i/r from o to 8. The .8 factor disappears for
tubes and bars, but is used for all other sections. For columns
fixed at the ends, the 400 becomes 280 and the formula is good
up to!/r = 110. The principal difficulty with the Army formula
is that it does not come tangent to Euler’s curve by a considerable
amount. It fits the points almost as well as formula (96)
however.
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The curves determined by formulas (96) and (g97) are drawn
in on each of the four plots. It will be noticed in Figures 67
and 68 that the channels B-1 and N-1 fall below the curve.
These two channels are so exceedingly thin for their size that
they are quite uneconomical sections; their ratio of thickness to
perimeter is 1/60 and 1/40, respectively. The same thing may
be said of the “S” sections in Figure 69. Here we find all of the
test specimens below the curve. If, however, we extrapolate
from the test values, we conclude that the formula will hold
for angles in which the thickness of plate is at least 1/10 of the
length of a leg. Figure 69 shows very clearly the inefficiency
of the plain angle section.

Tests of Airship Girders. .

~ About 150 specimen girders similar to those incorporated
in the hull of the Skenandoak were tested to destruction at the
Bureau of Standards during the construction of that airship.
These tests were very fully described and discussed in a paper
on ‘“The Strength of Rigid Airships” by Burgess, Hunsaker,
and Truscott, published in the Journal of the Royal Aeronautical
Society, June, 1924. Thé principal characteristics of the different
types of girders are shown in Figures 61 to 65 inclusive. The
type numbers of the girders in the figures correspond to the
following members in the ship:

Type Number Position in Ship

21, 23 Upper sccendary longitudinals
$2, 53, 54, 55 Main longitudinals

71, 77 Box girders in keel

91, 02 Lower secondary longitudinals

In order to obtain design data, the tests on the girders were
extended over a much greater range of //r than occurs in the
actual ship. Tests included ro-meter lengths of longitudinal
girders with ball ends and no intermediate support; whereas in
actual practice, the girders are held with a very considerable

s ot 6 o s Ao 28 N e
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degree of fixity in regard to both position and dircction at g-
meter intervals,

Girders were tested as columns, as beams, and with com-
bined column and beam loading. In the tests as beams, the
girders were simply supported at the ends, and a uniforinly
distributed load was applied upon the base. In every case,
failure occurred by compressive buckling of the base channels,
The stress in these channels is given by the formula:

;Wiy
81
where
W = the total load

} = the length of the girder

I = the moment of inertia about the minor principal axis,
calculated on the assumption that the area of each
channel is concentrated at its center of gravity

y = the distance from the neutral axis to the line through
the center of gravity of the base channels

TABLE 23. FAILING STRESSES IN BASE CHANNELS OF LONGITUDINALS
TesTED As PIN-ExDED BEAMS
P ]

Average Fiber Stress in

Type Length 1/ b4 Failing Load | Base Channels
1n. m. 1ba., Ihs./in®
21 197 .837 697 20, 500
23 197 -837 732 21500
52 197 2.006 1,036 20,0350
53 197 2.019 1,604 20, 30
54 197 2,314 1,806 19,550
55 197 2.377. © 2,042 21, 200
71 197 1.2%G 1,355 25,900
72 197 1.289 1,410 26,950
o1 107 1.139 938 21, 400
92 197 1.404 1,273 22,400
55¢ 197 2.377 X747 18,100
55d 197 2.377 2,540 26,430
23 394 837 349 20.550
55 394 2.377 1,024 21,2350
72 394 1.289 670 25.650
$F. 394 1.404 63z 71,500
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In most cases, three specimens of each type of girder were
tested.

The failing stresses in the base channels are given in Table 23.
Inspection of the table shows that the regular main and secondary
longitudinals (types 21, g1, and 52 to 55) failed with fair con-
sistency at stresses of about 20,500 lbs./in2 The box girders,
71 and 72, had a failing stress about 2579, higher.

The special girders 55¢ and s5d are interesting. It was
found in the tests of the ordinary types of girder that the lattices
were very lightly stressed; and the manner of failure of the
channels seemed to show that the method of arranging the
lattices so that those upon the two sides of the channel are not
directly opposite each other, giving in effect a kind of spiral
arrangement of the latticing, caused the channel to fail by
twisting. It was therefore decided to make several experimental
girders of type 55c, in which the lattices were .5 inm. in thickness,
instead of .6 mm. as in the regular 55 type, and the lattices were
riveted to the flanges of the channels at points directly opposite
each other, in accordance with the more usual structural practice.
The lower {failing stress of type ssc shows that the gain of
symmetry in the arrangement was more than offset by the in-
creased span oi the channels between supports.

Type s5d was the same as g5c, except that the lattice spacing '

was balved. This had the effect of increasing the failing stress
in the channels by about 249, as compared with type 55, and
459 compared with ssc. The weight, exciusive of end fittings,
was increased 359, over 55, and 439 over ssc. It appears
that on this basis, the regular type 55 was the most efficient
girder, and ssc the least efficient. e

It may be noted that the apes channel is about 509, farther
from the neutral axis than the base channels, so that when the
base channels failed under the load, there was a tensile stress of
something over 30,000 Ibs./in.? in the apex channels; but this
is well bolow tre failing siress of Guralumin in tension. Since
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failure invariably occurred by compression of the base channels,
the stress in these members, and not that in the apex channel,
is the critical factor in the girders.

Modulus of elasticity in bending. A calculation of the
modulus of elasticity of these girders in bending has been made
from the deflections of ten typical girders selected at random.
The formula connecting the deflection at the center of a uni-
formly loaded simple beam with the load and the properties of
the beam is:

s W8
d=384EI

. sWHR
0!‘E—-384Id

where d is the deflection at the center of the girder, and the
other symbols have their usual significance.
The results are shown in Table 24. The comparatively low

TABLE 24. CALCULATION OF E 1IN BENDING OF GIRDERS

sV p

! 1 |4 d E = T

Type in. in.t lbs. * in. b 3 ) i; 1, ¢
54 197 12.0% 1,000 5.975 7,670,000
54 107 12.08 1,429 1.774 6,040,000
54 197 12.08 869 .92y 7,720,000
54 107 12.08 1,300 1.500 7,150,000
ss 197 13.23 1,000 .900 7,600, 000
5S 197 13.23 1,600 1.502 8,000,000
SS 394 13.23 750 4.90 §1 200,005
ss 394 13.23 680 4.50 9,100,00
31 107 2.725 [ 4125 1.53 10, 150,000
33 394 3.715 a3s 7-30 9,400, Q00

valyes of E for g-meter lengths of the 54 and 55 girders are
undoubtedly due to the deflection by shear being relatively
more important in these short, deep girders, than in the more
slender ones. The above formula takes no account of shearing
deflection.



238

Tests as ball-ended columns,
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The ratio of length to radius

of gyration (I/7) of s-meter lengths of the main longitudinals
is only about 48, and is far below the Euler range. The formula
of J. B. Johnson should be applicable, as follows:

Where

pi = failing load in lbs./in.?
C == compressive strength of the mmnal in 1bs./in}
N =1 for ball-ended columns

p=cl-{ a1

TaBLE 25. TESTS or GIRDERS AS BaLL-EnpDED CoLuMns

a [ E P Fla » P
Type) e | G/ ) ins I Wsin | Wssint | lbs. | bs/ind | Ibs./ind |lbs/ins
s m. LleNcrus):
a3 85.6 1 7.350 ] .3115 | 20,500 9,000,000 2,460 11,610 | 11,850 | 13,100
13 85.6 7.350 | .a11§ a1, 500 9. 000, 000 2,500 11,820 12,170 | 12,100
52 47.0 2,310 | .a412 | 20,052 7. 500,000 4.427 18,300 17,100
53 437 2,379 | (2584 | 20.300 7,500,000 4.53% 17.550 17,000
54 471 2,220 1 .2306 | 19,8350 7.500,000 4,028 17,200 16,900
55 48.5 1 2.359 [ .3943 | ar,z00 7,500,000 5,553 | 18,250 | 17,050
7t 7i 4 5.100 | .3360 25.000 9,000, 000 5.530 18,450 16,350 | 17,500
72 T4 5.100 | .3360 | 26.¢0%50 9,000, 000 $.640 16, 8co 16,600 | 17.500
o1 8 g 4,420} 215§ 21,400 8. 000,000 3.707 17,830 15,000 | 17,900
o1 65 7 4.310 | 2584 | 22,400 8, 000, 000 4537 17,500 15.600 | 18,300
554 43% (1 2,350 | 3043 11, 200 7,500,000 5,200 17.050 17,650
5s5h 43.5 2,359 { .3043 18, 100 7,500, 000 843 15.900 15,500
554 43.5] 3.350| .3043 | 26,350 7,500,000 970 | 32,900 | 31,050
1o m. |LeNcres:
23 171.2 | 39.400 | .2t16 | 20, $%0 9. 400, 000 733 3,470 3,300
55 Q7.0 | 0.400 | .3033 | 21,230 9. £ 50,000 3.137 10, 300 9,580 9,630
11 141.8 | 20.400 | .3360 | 25,650 Q, $00, 000 1,607 $.570 4.600
[} 13t.4 | 17,280 | .a584 | 21,800 9,030,000 1,401 5,050 3,150

The average values for C and E for each type of girder are
The values of p;, calcu-
lated by the formula, are compared in Table 25 with the actual
values of P/a, which is the total end load divided hy the cross-
sectional area of the girder. The Euler failing stress, p., is also

taken from the tests as simple beams.

shown where applicable. The formula for p, is,

10}

The values of P/a have been plotted in Figure 70, and the
curve of p, drawn for a uniform value of E = 10,000,000 1bs./in.%,
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which fits the results of the column tests better than the lower
values determined from the beam tests.

Tests with combined beam and column loading. Girders
were tested with uniformly distributed running loads, which
remained constant during the test of each girder, and an end
load was applied and increased until failure occurred. The
ends of the girder were ball-supported, and as in all other tests,
failure invariably occurred by buckling of a base channel between
points of attachment of the lattices.

In the analysis of these tests, the bending moment due to
the combined end and transverse loads is calculated from Mor-

ley’s formula:
M= w—ﬁl(secg,‘/rz - 1)
where

M = the bending moment

1 = the running load

E = the modulus of elasticity

I = the moment of inertia about the minor principal axis

P = the actual end failing load

P, = the Euler failing load calculated about the minor princi-
pal axis, instead of about the major axis as in the
pure cofumn tests

The failing stress is given by:
I= 7 + a
The calculation of f is shown in Table 26.

The quantity
secTp/ L~ 1
€2 P,

is represented in the table by ¢. It is assumed that E = 8,000,
ooo lbs./in.? for the s-meter lengths of the main longitudinals
(types 52 to 54 inclusive) and 9,000,000 Ibs./in.? in all other cases.

In the 1o0-meter lengths, w includes the weight of the girder,

»
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Tapie 26, FAmine Stresses witH COMBINED END AND TRANSVERSE
Loaps

w M M2 Pls ;
Type | in. | 2, { I 1 2, |wss| 2| Po in. | Ibs. ")
YPed e g | ins | o ':\/ lbs. | lbs. ¢ “?,_ u:!/ lik:v,” 1%:‘,

a1 107 |.2118 2.72% 837 1200 5,067 ] 6,350} 288 | 13,100 | 14,4301 s.4v0 ] 10,040
a3 197 |.2115 2.72% 837 | 2.00 | 1,292 6,250 ¢ .310 | 12,350 | 14,620 5,430 | 720,500
52 107 |.2412 | 10.035 | 2.000 | 5.00 | 2,447 | 20,450 | .164 | 26,850 | 13,3% | 50,170 | 73.350
$3 197 | 2534 | 11.233 ) 2010 | s.00 | 2,457 | 23000 149 | 26,350 ] 13580 ] ¢.550 | 21.510
54 197 {.2800 | 12082 | 2.314 | 5.00 | 2,733 ] 24,600 | .153 | 27,050 | 11,750 | e.5:% 213
ss 107 |.30943 | 13.233 | 2.377 | s.00 | 3,440 | 27,000 | .180 [ 27,700 | 11,070 | 11,350 | 22,070
78 107 1.3350 4.%00 [ 1.28¢ | 3.00 | 3,240 | 11,220 | 806 | 30,650 | 16,050 | ¢,6¢0 | 20,700
72 | 197 [.33%0 | 4 1289 | 3.001 3,100 | 11,220 | .495 | 20,500 | 15,000 [ 9,500 | 28,400
o1 197 |.a115 4.617 | 1.130 | 2.00 | 2,000 | 10,600 | .306 | 12,180 | 10,700 | 9,00 | 20,600
92 107 {.2534 | 5.508 1.304 200 3,140 | 12,850 | 400 | 12,830 | ¢,140| 12,130 21,270
23 394 {.2115 2.72% 837 .54 lgo 1,562 | 160 | 11,800 | 14,100 Sco | ra,050
5 394 ‘3083 13.233 | 2.377 | v.31 | 1,563 | 7,600 322 | 32000 | 13,500 s§.135] 1805
72 394 {. 3300 4.30(_‘1 1.23¢ S 073 2,805 | 000 | 24,200 ] 1%,800 2,0 [ 21,700
92 | 304 |.25B4  5.508 | 1404 | 55| 047 | 3,212 .520 [ 14,800 | 10,550 3,000 | 14,500

from .04 to .06 1b./in.; but even with this allowance, the values
of f are lower than would be expected from the other tests.

As a result of these tests, it is concluded that there are four
different types of critical instability which may cause failure of 2
girder, as follows:

(1) Flexural failure as a whole, which depends on the slender-
ness ratios of the girder about its major and minor
principal axes, and on the type of connections and loadings.

(2) Flexure and twist of the channel as a whole between lattice
poiuts, depending on the slenderness ratios of the channel,
its torsional rigidity and the rigidity of the attices and
their connections to the channels.

(3) Buckling of the end lattices due to shear. This can occur
only with extreme beam loading such as is not likely to
be found in practice. '

(4) Spreading and crumpling of the channels.

The nature of the final collapse at failure is not determined
by these four factors. The collapse may take various forms, such
as crumpling and tearing of lattices, or of channels, or shearing
of rivets, which depend upon the yield point and ultimate
strength of the various parts, but do not influence the initial
cause of the failure.
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Lanz girders, it is obvious that (a) is merely a fortuitous differ-
ence between the method of testing; (b) is an inherent advantage
of the larger girders possible with larger ships; (c) is also in-
herent in larger girders because the girders used in the Shenandoah
were so light that it was not practicable to make the lattices as
thin as required by the theoretical stress in them; (d) represents
the inherent advantage claimed by the Schiitte-Lanz Company
for their tubular members in comparison with the open channel
sections used by the Zeppelin Company. The reality of this
advantage is controversial; but it appears to be a fact that with
duralumin tubular sections the very high failing stress of about
38,000 lbs./in.? can be attained with a reasonable I/y. Failing
stresses as high as 34,000 lbs./in.? have been reported by the
Zceppelin Company for double latticed girders almost identical

with the g1 and g2 type of the Skhenandosk except that the..

thicknesses of the channels were increased to 1.8 mm. (071 in.),
and the lattices were also thicker and stiffer.

Such advantage in the strength/weight ratio as the Schiitte-
Lanz tubular girder may possess is heavily paid for by the
difficulty of securing satisfactory joints of the girders to one
another and of the lattices to the longitudinal members; and
also in the impossibility of inspecting the interiors of the tubes
for corrosion or other defects. - .

Zeppelin four-plate box girders. In the airship Los Angeles,
the Zeppelin Company incorporated a new type of box girder
in the cars, fins, and a few other special places; and more extensive
use of this new type of girder is contemplated by the Zeppelin

Company in their next design. An example of this girder is

shown in Figure 77. Its essential featurcs are the use of four
perforated plates instead of three channel members with a
multiplicity of lattices. Two of the four plates designated “side
plates,” are bent over near their edges, and the other two plates,
called “cover plates” are riveted to them. All four plates are
punched with a row of large, round holes, and two rows of smaller
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and approximately triangular holes. The metal is bent inward
around all the holes, giving great stiflness to the plates. It is
claimed that this construction eflects an important saving in
the cost of construction by greatly reducing the number of parts,
and the amount of riveting required; the joint construction is
simplified by the ease with which gusset plates may be sccured
to the girders, the thickness of the four plates may be varied
according to the stresses in each, and failure by crumpling and
deformation such as occurs in the customary open channels
between the joints is minimized.

A practical advantage over the old type of Zeppelin girder
is that the plates are much less liable than the old lattice mem-
bers to damage fromn the crew and maintenance men walking
upon them. An obvious disadvantage is the large amount of
scrap material resulting from the punching of the four plates.
Improved methods of reusing scrap duralumin may reduce the
material cost of perforated plate girders. The effective cross-
sectional area of such girders appears rather indcterminate, and
no test data are available on the strength or ratio of strength to
weight for cither columns or beams of this construction.

Minimum economical size of girders. If the longitudinal
members of duralumin girders are made of metal less than about
.04 in. to .05 in. in thickness, the chances of local damuge by
movements of the persennel, or other slight causes, become
undesirably great; and the resistance of the metal to corrusion
is low. If the total cross-sectional area of a girder is to be less
than about ©.3 in.2 it is usually preferable to maintain the
minimum thickness of .04 in., and reduce the major cross-sec-
tional dimensions, even at the expense of a less faverable ratio
of length to radius of gyration, and reduced crippling stress.
It follows that the efliciency of duralumin girders falls off when
the total cross-sectional area is reduced below about 0.3 in.?

Another limiting figure on the economical size of girders is
that the ratio L/V'4 should not exceed about 350, where L is
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be possible to use heavier channels in that section of the girder
which passes through the joint with the frame, where the largest
bending occurs. This construction is proposed by the Schiitte-
Lanz Company for their tubular girders. The objection to it is
that in the tapered portions of the hull, the longitudinal girders
are preferably straight between the frames, with change of
inclination to the longitudinal axis of the ship at the frames;
obviously it is easier to effect this change at a butt joint than in
the mid-length of a girder.

Ball and socket joints. It has frequently been proposed to
reduce the secondary stresses in rigid airskips by the use of ball
and socket joints between the girders, as in the keel construction
of the Italian semirigid airships. The ball and socket joints
would undoubtedly be much heavier and more costly than the
simple riveted gusset and fish-plate connections; and to obtain
high efficiency, the girders should be tapered, thus greatly in-
creasing their cost. Moreover, pin-point construction would
be likely to result in dangerous instability of the intermediate
frames.

Strength of riveted joints. In designing riveted joints it is
necessary to guard against the following three principal ways
in which failure may occur: (a) tearing the plate between holes,
(b) crushing the plate and rivet, (¢) shearing the rivet. Ta
obtain the maximum efficiency, the chances of failure by each
of these ways should be equally probable. For guidance in
designing riveted joints in thin duralumin, the following descrip-
tion and results of tests carried out at the Massachusetts Institute
of Technology is taken from the Nationa! Advisory Committee
for Aeronautics Technical Note No. 165, abstracted and revised
by J. G. Lee from the thesis of H. F. Rettew and G. Thumin
of the Massachusetts Institute of Technology.

The most surprising results of the work were the unusually
high values of crushing and shear found to exist. These values
are nearly double what is ordinarily found In shedar or com-
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pression tests, and are apparently due to the friction of the
riveted plates and the reinforcement of the rivet heads. Since
this friction and reinforcement are necessarily present in all good
riveted joints, the high strength values may properly be used
in design.

Following are the values for riveted joints in heat-treated

" duralumin sheet:

. Suggested
Commercial Values from Values {or
Values Rettew & Thumin ~ Design of Joints
Ibs./sq. in. Ibs./sq. in. ths./sq. in.
Tearing (f). oo v.evvvinis $5,000 54,000 50. 000
Crushing (f) v ..ooovviatn 45,000 105,000 100, 000
Shear (fu)....oovveian i, 25,000 43,000 40.000

The recommended values for tearing and shear fall below
all of the individual test values found by Rettew and Thumin,
but certain specimens of crushing, where the variation was much
larger, fell as much as 59, below the recommended value of
100,000 lbs./sq. in. Nevertheless, 100,000 lbs./sq. in. appears
to be a reasonably safe average figure.

From the recommended values a chart has been plotted
(Figure 81) based on the following formulas for rivet failure;
Shearing

F = xd¥./4 = 31,400 d* for single shear

F = xd¥,/2 = 62,800 d® for double shear
Crushing
F = tdf, = 100,000 14

F = (p = Difs = s0,000p — d)
Critical Rivet Diameter
100,000 Id = 31,400 d?, d = 3.2
Double Sheard = 1.6 ¢

Tearing

Critical Pitch

SD,OOO‘(P—d)= 100,000 i, p=3d
For double riveting, 50,000 (p ~ d) = 2(100,000 ), p = 53
For triple riveting, similarly, p = 74
d = driven diameter of rivet
t = thickness of plate
2 = pitch of rivets, on centers
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It is good practice to have the lap from 2.5 to 3d and the
distance between rows in double riveting (staggered) 1 to 1.5 p.
000 Fo s 50000 a N.- 5 * 40000 “Fse IN. - £ 2 100000 “Tsalt. In readmg the chnr? one usually 'stzlxrt.s with the plate thick-
/ {y ness and follows that line along until it intersects one or other
: of the shear curves, This gives the critical rivet diameter. The
. FAg.:;{ERBY / C?L',LS%TEGEY '09'/‘ ncarest available rivet diameter is chosen (preferably larger)
w5000 = —r ' and the strength read off on the scale of ordinates at the left, the
< / ¢ ' : ordinate of the plate thickness line being used if the rivet diameter
g 3 =7 0 | 5
w J/ £y / is above the critical figure, while the ordinate of the shear parab-
O 4000 & J)r 07 ola 1s chosen if the diameter is below the critical. To find the
£ g;'/ g’ Vo . pitch, read down {rom the chosen diameter, and take the nearest
é §/ % / L~ 08 convenient pitch (larger than that given by the graph).
% 3000 A LA The tensile tests gave the following average results:
/ ' 0% & g g
R / Heat-treated Annecaled
T,. / / // < = . Thickness (inches)......... RSN .020 . 040 005
iy d d d4
24 ////// / Elongation in 8 in. (%) . .vvveviriinnnnn 12.67 19.53 12.55
v 2000 / ‘/1 i . Elongationin 2in. ($0).vvveninvnninnn 14.83 24.125 17.75
e g // ] .03 Yield point (Ibs./aq. in).oovoovnananss, 27,800 26,100 15,750
g™, //4/ = Tensile strength (Ibs./sq. in)........... 56,530 56,625 ar, 750
ﬁ g /// / M/ 0|2 . Modulus of clasticity...oivvevenvn... 11,310,000 1,020,000 0.773.000
‘2‘ 1000 / A /4/ " Reduction of area (7). ....... N 15.33 16.97 33 48
L —— . Ratioof Y.P.to T.S.c.. v ininns 491 .456 437
t %»2/‘,/ //—"’;'@5 .O‘ ] T} o \1 s e - l H l’d h h ,_‘l !
E %ﬁ;/ PLATE TGN 22 i 1e riveted jomnts in the .0g9g 1n. annealed sheet showed tae
2 /:/;jﬁ/————-r—"" following values in lbs./sq. in.:
E ° \P\QLZ% f‘ = 32’700 f‘ - -‘,‘.2,8{,‘9 Jff = 62:300
s 05 QP\R’VETS . All of the tension failures both in the riveted joints and in
9 \% . the plain specimens occurred as shear along a 45° plane. The
75' 1o Ticag ?,71?‘1"&‘”&‘3 . crushing failures appeared to be crushing of the plate and not
5 1.5 LugsSEs or ) | of the rivets, although the plate, being heat-treated, has the
Lan higher theoretical strength of the two. The shearing fuilures
1 Fd . 4 [: & A 4
2.0 P '/ 3/' S % 7‘ 5'2 ° 8 were instantaneous, as opposed to the gradual distortion which
& 8 on 6 4 " “6 preceded a failure by crushing or tearing. ‘
Feuse 1. S s ‘\:E:um:;im ‘or R:V];:TS' - The only noteworthy result of the tests for slippage of the
gure 81. Strength of Single-Riveted Lap Joints of Duralumin Plates joints is that in all cases a redistribution of load takes plice at
the lower stresses, as is evidenced by the different amounts of
} slippage at different points along the joint. In gencrul the
slippage is small and unimportant.

S——




CHAPTER X
STEPS IN DESIGN

Principal characteristics. An airship may be designed to
fulfl certain performance requirements in which the dimensions
of the ship are not specified. Given a problem of this nature,
the designer makes his preliminary estimate of the necessary
size of the airship by such methods as are described in Chapter II.

It more often happens that the approximate size is deter-
mined by consideration of some other ship which must be
equalled or surpassed, or by limitations of cost or shed accom-
modation. In such cases, the designer probably has the volume,
and perhaps also the length and diamecter, predetermined for
him, and he strives to get the best performance he can, having
especial regard to the qualities most desired in the problem set
before him.

Example of preliminary design calculations. The design
of a rigid airship is primarily a structural problem. The pre-
liminary design calculations are largely concerned with the
choice of size and arrangements of the members which will give
the lightest possible structure consistent with the strength
required. The following example of design calculations shows
a method of estimating the performance and the principal
characteristics for a large rigid airship of conservative design.

The problem is to design a rigid airship of about 6,000,000
cu. ft. gas volume, for service as a naval scout, having a full
speed of 70 knots and the utmost practicable range of action
when carrying no military load.

An air volume of 6,4c0,0c0 cu. ft. is required in order to
bave ample allowance for air space around the gas cells. If no
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arbitrary limitations of maximum length and diameter are im-
posed by the dimensions of the available airship sheds, the
choice of the slenderness ratio is the first decision to be made.
Right here, at the very start of the problem, we are on very
controversial ground. The principal factors influencing the
designer in determining the slenderness ratio are resistance and
weight.  There is no general agreement as to the ratio which
will give the least resistance. Airship designers of recognized
ability recommend slenderness ratios all the way from 8.0 to 2.8.
Wind tunnel tests indicate the best ratio to be about 4.5, but
there is still much doubt as to the scale effect over the long
range from wind tunnel models to actual airship.

The smaller the slenderness ratio, the less the weight of the
longitudinal structure, but the greater the weight of the trans-
verse frames. The ratio which will result in the least total
weight depends upon many variables. For example, the longi-
tudinal strength required depends largely upon the speed so
that the faster the airship the less should be the slenderness
ratio for minimum weight. Increasing the subdivision of the
gas space increases the weight of the transverse structure, so
that the greater the number of gas cells required, the greater
should be the slenderness ratio for least weight.

Facility and cheapness of construction, and ease of handling
the airship upon the ground are best satisfied by a large slender-
ress ratio; but these requirements are subordinate to least
resistance and weight. ,

Conservative opinion among rigid airship designers at present
favors a slenderness ratio of about six. For any given problem,
the designer will do well to make two or three preliminary
designs with different slenderness ratios and make an approxi-
mate weight estimate of each.

The following procedure may be pursued in a preliminary
design to which a slenderness ratio of 6.4 is arbitrarily assigned.
The next question is how much parallel middie-body, if any,
shall be assigned to the ship, and what contours shall be chogen
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for the bow and stern. It is obvious that practical considera-
tions, apart from resistance, are very much in favor of the use
of parallel middle-body, rather than a continuously curved
contour. A gencrous amount of parallel body reduces the time
and cost of construction, and reduces the overall dimensions
for a given volume.

Acrodynamic considerations also indicate, although the

question is controversial, that when the slenderness ratio ex- -

ceeds about 4.5, the additional length is preferably in the form
of parallel middle-body. Good results are obtained with an
eiliptical fore-body and parabolic after-body; but an experienced
designer may obtain the best results with a contour drawn to
please his eye, without regard to mathematical formula.

In this preliminary design, let the fore-body be generated
by the revolution about its X-axis of a semi-ellipse having the
equation: ,

a4 4 YP/DP=1
where D is the maximum diameter, and ¢ is the length of the
fore-body.

Let the after-body be generated by the revolution about its
X-axis of a semi-parabola having the equation:

y = D/2 — Dx*/4a®

where D and @ are still the maximum diameter and the length
of the fore-body, respectively. From this equation, y= o when
X = 1.41 @, so that the after-body is 1.41 times longer than the
fore-body. If there were no parallel middle-body, the fore and
after bodies designed to these equations would fit together
without change of curvature at their junction.

Integration along the solid generated by the elliptical and
parabolic contours shows that their combined volume is .59
times that of a cylinder of the same overall dimensions.

Let @ = 2D. The length of the tapered portions of the hull
is then 2D+ 1.41 (2D) = 4.82 D; and the length of the middle-
body is (6.4 — 4.82) D= 1.58 D. This results in:

B i

Y
T

Ch. 10] STEPS IN DESIGN 255

(1.58D + .50 % 4.82D) X v P/4 = 6,400,000
D=1221t1.
L=064X122=%8 ft.

Spee'd and power. Let a speed of 70 knots, or 118 ft./sec.
be required. For safety’s sake, this speed will not be attained
at a less altitude than 3,000 ft., where the density of the standard
atmosphere is p= .00216 stug/ft3  The acrodynamic head ¢
used throughout the performance and strength calculations is
given by:

g =pv*/2
= .00216 X 718%/2 = ¢35 lbs, /ft 2
The maximum horse-power required at

3,000 ft. is give
(see page 12), 3 Is given by

Hp. =2 vyia
sso K
Let K = 6o
Hp. = 09218 X 118 X 6,400,000%
550 X 6o
= 3,700
The corresponding Hp. at sea level is 3,700 X .00237/.00216

= 4,060.

Pr.ehmmary estimate of girder spacing. It will be assumed
that in or('ler' to support the outer cover effectively, and in
accordance ‘with conservative practice, the principle is

of spacing the longitudinals about 12 ft. apart
the transverses at 16 to 20 ft.

adopted
amidships, and
The number of longitudinals
and transverse frames is thus dependent upon the size of the ship;
but th‘e number of {rames which are main frames is a less variablc,
quantity, and is governed by the principle that about 12 to I
gas cells are considered good practice. \

The circumference of the midship section is 122 » = 383 ft.
32 longitudinals will give a spacing of r2.0 ft., which is satis-
factory;. and the number of longitudinals being divisible by
4, permits one to be put at each end of the vertical and hori-
zontal diameters, giving a symmetrical arrangement which
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facilitates the strength calculations. Frames at 20 ft. apart
and every third frame a main frame will give side panels of
suitable proportions, and 13 gas cells.

Static and dynamic bending moments., In a large modern
airship, the disposable loads should be so distributed tha.t the
* static bending moment is negligible in a preliminary estimate

of the fully loaded condition. The weight of the bow and stern

produces an inevitable hogging bending moment in the ligh.t
load condition. From previous designs, it is found that this
moment may be estimated from the expression,

M=CpVL
where 3 = the bending moment
C = a coefficient = .005
pg = the unit weight of air in the standard atmos-
phere at sea level
= 07635 Ib./ft.?

V = air volume = 6,400,000 {t.}
‘ L = length of ship = 780 ft.
Whence: M = .005 X .07635 X 6,400,000 X 780

1,900,000 ft. Ibs.

Aerodynamic bending moment. H. Naatz has proposed to
estimate the maximum aerodynamic bending moment by the
empirical expression:

M=o01qV?L

This expression was derived from calculations of the maxi- -

mum bending moment resulting from the maximum estimated
aerodynamic loads on the tail surfaces opposed only by L.he
inertia of the ship. Naatz found that it agreed very well with
the bending moments calculated from the pressure required to
prevent buckling of the large Parseval nonrigid airship PZ-27
in flight in squally weather in the Baltic; and it has also chec.ked
up well with bending moments estimated from observations

with strain gages on the U. S. Navy’s airships Skenandoak and -

Los Angeles. (See Chapter V.) -
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Since bending may result from combined rudder and elevator
action, the maximum occurs in the longitudinal plane inclined
at approximately 45° to the vertical and horizontal. For cither
the vertical or horizontal plane, Naatz’s coefficient should be
reduced from .or to .o1/vz = .007. Applying this method to
the problem under consideration, the maximum acrodynamic
bending moment in either the vertical or horizontal plane is
given by:

M

007 X 15 X 6,400,000*% X 780
2,800,000 ft. 1bs.

Limiting conditions. The limiting, or most severe, condi-
tion for the upper longitudinals occurs with the ship fully loaded
and maximum aerodynamic sagging bending moment, combined
with- maximuny gas pressure and minimum tension in the outer
cover, ‘

The limiting condition for the lower longitudinals occurs
with minimum load, and maximum hogging bending moment
from static and acrodynamic forces, combined with no gas

[+
pressure in the bottom of the ship, and maximum tension in the

outer cover,

Both conditions should be combined with the maximum
aerodynamic bending moment in the horizontal plane.

It may be noted that these limiting conditions are for com-
pressive forces which are the hardest to take care of. The
maximum tensile forces occur in the same conditions as the
maximum compressive forces, but at the opposite side of the
ship. ‘

The limiting bending conditions in this example are, there-
fore:

Hogging, M = 2)8001000 + 1,000,000
, = 4,700,000 {t. Ibs.
Sagging, M = 2,800,000 {t. Ibs.

Both conditions must be combined with 2._E'§oo,om ft. 1bs.
bending moment in the horizontal plage.
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Maximum stresses in the longitudinals. For a ﬁr.st ap-
proximation, the end loads in the longitudinals may be estimated
from the simple expression derived in Chapter VII:
2 Msin 6
=R
For the top longitudinal,

M = 2,800,000 ft. Ibs.

sin § = 1.0
R = 6o.5 ft.
n =32

Whence S = 2,8g01bs,, compression v
For the bottom longitudinal, 3 = 4,700,000 ft. ll.)s., ,and
the other quantities are the same as for the top longitudinal,
whence, ]
S = 4,850 lbs., compression
The mid-height longitudinals are affected only by the.hon-
zontal bending, which is of the same magnitude as thc.maxxmur.n
sagging bending moment. Therefore, for the mid-height longi-
tudinals, .
S = 2,8¢0 1bs., compression
For all longitudinals except those at the ends of the verfxcal
or horizontal diameters, S must be calculated from the combined
clfects of the vertical and horizontal bending. For efmm.ple,
in the longitudinal at the lower end of the diameter inclined
at 30° to the vertical, the limiting end load is given by:,
2,800,000 sin 30°
60.5 X 16

S = 4,700,000 sin 6o°
T 6o.5 X 16
= 5,650 Ibs., compression

Gas pressure and outer cover stresses. Chapter VIII con-
tains a sample calculation of the gas pressure stresses on a ship
of the dimensions of our preliminary design. These stresscs
result from bending of the longitudinals by gas pressure l(fad
between the frames, plus the bending by the rise and distortion

of the intermediate frames with respect to the main frames.

’
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The effect of the outer cover tension considered on page 267
must be added to the stresses on the longitudinals from the
bending of the ship and the gas pressure.

The designer should prepare several studies of various
systems of gas-cell wiring in a typical midship frame space.
Only by this means can the best compromise be found between
the conflicting requirements of a tight netting to reduce the
loads on the longitudinals and a fairly loose netting to obtain
the maximum gas space by bulging between the longitudinals.
This phase of the study should also include the effect of longi-
tudinal girders of different depths and types of construction.
Within reasonable limits, increasing the depth of the longitudinals
saves weight at the expense of gas space, and the saving must
be set against the loss, every case on its own merits.

Transverse framing. The transverse framing is very little
affected by aerodynamic forces. The sizes of the transverse
girders are thercfore determined by calculation of the static
forces upon them, as described in Chapter VIIL

Order of procedure. A general rule for working up an air-
ship design is to begin with a general arrangement plan, showing
scarcely any detail; and then proceed to detail the midship
frame bay. The characteristic features of construction chosen
for this bay will determine the nature of the entire design; it is
unwise to proceed further until the design problems for this
section of the ship have been fully solved. These problems are
mainly concerned with the structural strength and may be
dealt with by the methods of calculation described in previous
chapters.  Yrom amidships, the designer works towards the
bow and stern.

The complete design of a large airship involves the prepara-
tion of several thousand drawings, covering an immense amount
of detail work which can be learned only by practical experience.
At best a book can be only a uscful guide. Many details of air-
ship design are described in other volumes of the Ronald Aero-
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nautic Library.! In this chapter we shall deal only with some
of the broader aspects of design and arrangement of airship
parts. Some promising lines for future development will also
be discussed.

Keel or corridor. Large airships of the rigid and semirigid
types have a keel or longitudinal corridor giving a passageway
through the hull, and access to the various cars. The crew’s
quarters, fuel and ballast, and other items of the useful load are
usually carried in the keel. The keel was the principal source of
the longitudinal strength in the early Zeppelins; and it also con-
tributes very largely to the strength of semirigid airships (see
Part II of “Pressure Airships”). In modern rigid airships, the
kecl is of comparatively minor importance in the primary
strength; but it acts as a bridge to carry the useful loads between
the main frames.

In the early rigid airships, the keel was placed outside and
below the hull. The cross-sections were isosceles triangles, apex
down. This type of keel is also found in the semirigid airship
Norge, (Figure 2) but without the re-entrant angle between
keel and hull which disfigured the early Zeppelins.

The Schiitte-Lanz Company introduced the isosceles tri-
angular keel, apex up, placed inside the hull. This construction
was adopted by other designers, and became standard practice
for several years. The Shenandoah’s keel (Figure 49, page 174)

was a typical example. The Los Angeles has a five-sided keel -

(Figure 1, page 4), the bottom of which projects slightly
below the circumscribing circle through the remainder of the
hull. This keel is much more roomy and convenient than the
triangular keel of the Shenandoak, but it involves a rather

unnecessarily large waste of space which might be devoted to-

gas. An advantage of the Los Angeles type of keel is that the
walkway girder, instead of being a special and rather limber
longitudinal as in the Shenandoah, is the largest, strongest, and

1* Pressure Alrships™ by Blakemore and Pagon.
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most important longitudinal girder in the hull. The flat top
of the keel permits of placing the fuel tanks and ballast bags at
a suflicient distance apart to provide ample passage way along
the keel.

In order to reduce the local stresses in the keel, the heavy
weights such as fuel tanks and ballast bags should be suspended
as close to the main frames as possible. When there are twa
intermediate frames between successive main frames, no heavy
loads should be suspended between the two intermediates.

In order to obtain the most efficient slope for the keel shear
wires (about 45°), additional frames known as quarter frames
are provided in the keel between the regular main and inter-
mediate transverse frames which are common to both the hull
and the keel. In addition to carrying its local load, the keel
also takes part in the primary strength of the hull, and its
members are included in the primary strength calculations.

Future development in corridor design. The stresses in the
main transverse frames would be considerably rclieved if the
loads which are normally carried in the kecl were disposed
further out irom the center line. Reduction of the transverse
stresses becomes particularly important in unwired frames, such
as are discussed on page 208. It is therefore probable that in the
future, the uscful loads will be carried in the main frames instead
of in the keel, or else the single center-line keel will give way to
two kecls, disposed one on either side, perhaps at the lower
ends of the 45° diameters.

A corridor of small dimensions and light construction along

‘the top center line of the hull would greatly facilitate accéss to

the structure and the surface of the gas cells in flight. It would
be essential if a system of combined automatic and maneuvering
valves at the top of the ship were adopted, as discussed on
page 278.

Design of power cars.. The power cars of a rigid airship
should be small, light and of good streamline form, so far as
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consistent with providing a firm bed for the power plant and
suflicient space for the engincers and engine accessories.  Prob-
ably it will always be controversial just how much room the
engincers require to perform their duties efficiently. They will
ask for morc space than the designer is inclined to allow them.
The overall dimensions of the power cars of the Shenandoak are
16 ft. 2 in. in length by 6 ft. 8 in. in depth, by 5 ft. 10 in. in
width; each is designed to hold one 300 Hp. straight six-cylinder
engine. The maximum cross-sectional area is about 34 ft.3
a wind tunnel test of a tenth-scale model showed a resistance
cocfficient C = .15, where the coeflicient is of the form C=
2R/ Ap¥* in absolute units, and 4 is the maximum cross-sectional
area of the car. This coefficient was obtained with a closed
visor over the radiator in the front of the car. With the visor
wide open, the resistance was increased 60%.

A car placed forward of amidships increases the total resist-
ance of the airship much more than the amount of its own
resistance, because it breaks up the smooth flow of the air
around the ship. It is therefore especially important to make the
forward cars as small and cleanly lined as possible, or better
still—eliminate them altogether.

The bottom of the power car forms the bed for the engine,
and must be of substantial construction, usually of duralumin
plates, angles and channels. Aft of the engine the strong bottom
of the car must be continued to provide support for the propeller

bearings, also perhaps for reduction and reverse gearing between

the engine and propeller. Forward of the engine, support must
be provided for the radiator. Radial air-cooled tractor engines
have been suggested for airships instead of the conventional
water—ooled pusher type; if this change should be made, an
important saving in the length and weight of the power cars
could probably be effected..

The sides and top of the power cars can be of very light
framework covered with fabric or thin duralumin plating. Ex-
perience shows that the plating has a serious tendency to crack
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under the vibration, consequently fabric is probably preferable,
but it should be protected by a fircproof dope. Near the ferward
and after ends of the car, struts extend upward from the strong
botiom, meeting at fittings to which the car suspension members
are attached.

Figure 82 shows a power car of the U.S.S. Los Angeles under
construction. Each car without the engine or any cquipment
weighs about 6oo 1bs.

A possible development in power car construction which
would reduce the weight and resistance is to make each car
practically nothing more than a streamline hood over the en-
closed engine, with a suspension system permitting the car to
be swung against or into the hull for access to the engine.

Power car suspensions. The side power cars arc usually
connected to the hull by three struts forming a tripod having
its base upon the car, and its vertex at a joint of 2 main transverse
frame of the hull. This triped does not take the weight of the
car, but acts as a spacer, assisting alignment betwcen the car
and the hull. The weight of the car is taken chicfly by two steel
cables secured to a joint of the main frame above the center of
gravity of the car. Additional wires lead forward and af¥ from
the car to the frame next ahead and astern to take the longi-
tudinal forces resulting from the propeller thrust and fore-and-
aft inclination of the ship. These inclined cables or guys also
act with the tripod struts to resist the torque of the propellers
or similar rolling forces which may be produced by rolling of
the airship.”

The after center-line engine car is usually connected to the
hull by from four to six struts secured to the keel at the main
frame immediutely over the car and to the quarter frames next
forward and aft. These struts are designed primarily to take
the shock of landing, and are intended to break under 2 ghock
less than that which would damage the structure of the hull of
the airship. The bumper bag and its supports under tlte car
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are in turn intended to fail at a load less than that which would
break the struts of the car. There is an advantage in having
considerable weight in the after center-line car, because when
the car strikes the ground and the ship is relieved of its weight,
the effect upon the buoyancy of the ship is equal to the exertion
upon the hull of an upward thrust equal to the weight of the
car, without actually applying that force to the structure. For
this reason, it is a common practice to place two engines geared
to one propeller in the after car, instead of only a single engine
as in the other cars.

A small fire in a power car is by no means a rare occurrence;
and in hydrogen inflated airships it is important that there be
no closed ducts or passages between the power cars and the
hull, through which fire might be communicated. With helium,
this precaution seems unnecessary; and a possible future develop-
ment is the elimination of externally suspended cars. Cars may
be rigidly connected to the hull with streamline fairing enclosing
the connecting structure; or the engines may be placed inside
the hull with shaft-drive to the propellers.

Control and passenger cars. The control car of a rigid air-
ship is on the center line about 15% of the length of the ship
aft of the bow. Sometimes the control car is suspended several
feet below the hull, and the various controls are carried up to
the hull through streamlined cases. It seems preferable to have
the control car close up under the hull to provide greater strength
and safety, and to minimize resistance. In the passenger airship
Los Angeles, the control and passenger cars are built integrally,
close up to the hull, and extend from 15% to 25% of the length
aft of the bow. The best position for a large passenger car is
controversial. A saving of weight and resistance is obtained
by making control and passenger cars integral. Obviously, the
best position for the control car is well forward, and this is also
a good position for the passenger car in order to escape the noise
of the engines. Handling the airship on the ground is facilitated
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if the landing points are bumpers on cars well forward and aft
on the center line, with no intermediate positions that might
strike upon uneven ground. Zeppelin practice is to put a large
bumping bag under the control car and another one under the
rear center-line power car.

The argument for having the passenger car amidships is
that variable weights such as the number of passengers carried
should be balanced about the center of buoyancy, and that
aerodynamically it is better to have a large car amidships rather
than forward where it may have an undesirable forward fin
effect, also increasing the total resistance more than if it is
placed further aft. In the small German airships Bodensee and
Nordstern, the passenger and control car interfered with the
directional control of the ship and caused excessive rolling. It
was rather large and placed well forward, and its sides were
vertical, giving it a very decided fin effect.

The weight of the bare structure of airship cars usually runs
1 to 1.5 lbs. per cu. it. volume. About half of the total weight
is devoted to obtaining a strong substructure under the floor.

Tail cone. The stern of a rigid airship, aft of the cruciform
girder, is finished off with a light structure known as the tail
cone, having from six to eight sides. Usually there is no gas
cell within the tail cone; but in the Los Angeles there is a cell in
this part of the ship. It is customary to carry the tail cone out
to a fine point, sometimes with a bucket for a lookout at the
tip of the stern. A finely drawn out stern has no appreciable
effect on the aerodynamic qualities of an airship, but its weight
is slight and it improves the appearance. The designer may
save a few pounds of weight and sacrifice beauty by rounding
off the tail cone. The total weight of the tail cone and its outer
cover on the Skenandoah was about 350 lbs. Its length was
34 ft. and its diameter at the cruciform 18 ft.

Outer cover. A smooth and taut outer cover is essential
for satisfactory performance of a rigid airship. It is a compara-
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tively easy matter to make the cover taut whc.n i.t is first applif:d
to the ship, but this tautness has a disappointing way of dis-
appearing very rapidly in service. It has been estu.nated that;
the slackness which frequently occurs after only six I.nonths
service may cause a 1055 loss of speed, or nearly 30% iucrease
in fuel consumption at a given speed. o

The means of holding the outer cover when the longitudinals
arc too far apart to give adequate support presents one .of the
most difficult technical problems confronting the airship de-
signer. It is easy to use wiring for additional support to the
outer cover between the longitudinals, but wires are not very
effective in preventing fluttering, and they put undesirable com-
pressive loads upon the girders. One solution of the problem is
the use of light secondary longitudinals for the sole purpose of
supporting the outer cover, and possibly to Fake some of the gas
pressure force. These secondary longitudinals are prcferz}bly
quite resilient, so that they may act to some extent as springs
to take up slackness in the cover.

Another method "of securing a taut, nonfluttering outer.

cover in flight is to maintain a slight excess of i.ntcrior .air
pressure in the hull by means of scoops or by a hole in t}.le high
pressure region at the bow of the ship. This scl}em.e is very
attractive in some respects; but the objection to it lies in the
narrow limits within which the air pressure must be maint.nmc:fl.
Maximum and minimum limits of the transverse tension in
the cover may be placed at 150 lbs./ft. and 30 lbs./ft., re-
spectively. Taking the minimum radius of curvature as 8o ft;,
the corresponding air pressures required are 2.0 and o.4 lb./fE. .,
or ©.385 in. and o.077 in. of water, giving a range of 0.308 in.
of water. Near sea level, the absolute air pressure changc.s l.by
this amount within a height of only 21 {t., and such narrow hr.ruts
of excess of internal over external air pressure can be maintained
only by having large air scoops in conjunction .wit.h ample
openings for the escape of air. The air outlets might be con-
trolled by some kind of very light valve, in which the springs

i v
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are accurately adjusted; but only approximate air tightness is
required. :

Weight of outer cover. The outer cover is made of single-
ply cloth weighing from 2.7 to 4.5 0z./yd.2 and the dope and
attachments increase the total weight by about 759, It is
good practice to have stronger cloth on the top of the ship and
over the bow and fins than on the less exposed parts along the
side and underneath the hull.

Load on the longitudinals from tension in the outer cover.
The calculation of the radially inward loads on the longitudinals
from the tension in the outer cover is a problem of a similar
nature to the calculation of the outward loads from the gas
pressure acting on the netting, and the same methods will be
applied to it. The cover is assumed to have a constant tension
all around the circumference of the cross-section so that there
are no tangential loads to be considered.

Let g equal half the exterior angle between adjacent sides
of the hull (Figure 84). When there is no difference between
the air pressure inside and outside of the hull, and the cover
is drawn tight with a tension ¢ per unit width of the cloth, it will
lie in a straight line between successive longitudinals, and will
put upon the girders a uniform running load equal to 2f sin 8.
In the ZR-1, 8= 7°7.5', and sin g = .1240.

The tension produced in the outer cover by a given difference
between the external and internal air pressures cannot be con-
puted exactly because of the lack of definite stress-strain rela-
tions in doped fabric. Let it be assumed that a difference of
pressure equal to .5 in. of water (2.6 Ibs./ft.2) produces a bulge e

of 3 in. in the outer cover in a panel 9.76 ft. in width. Thenin
Figure 84,

the angle y = 4 efc'= (4 X 25)/0.76 = .1024 radians = So.szl

V=n/2+8+%«
- 900+ 707'51 + 50521
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The tension is given by
! = pct/8e = (2.6 X 9.76%)/(8 X .25) = 124 lbs./ft.
If the excess of pressure is external, v is positive, and ¢ =
103°’, and the radial load = 2X 124X cos 103° = 55.9

Figure 84. Tlustrating Load on Longitudinals Due to Tension in Quter Cover

lbs./ft. inward, and the maximum compressive stress produced
in the main longitudinals is 6,480 1bs./in? in the base channc!s
at the joints with the transverses. If the excess pressure 1S
internal, v is negative, ¥ = 91°15’, and the radial load = 2 X 124
X cos 91°15’ = g.4 lbs./ft. inward.

- A 7. et Y

S

Ch. 10} STEPS IN DESIGN 269
The example shows the importance of preventing appreciable
differences between the internal and external air pressure,
cxcept in the special case discussed in the last scction when
internal pressure is used to keep the outer cover from fluttering;
and in that case, the initial tension or slackness of the cover must
be so arranged that when bulging under full air pressure, the
angle ¥ is as nearly ¢o° as practicable. The example shows also
that excess of external pressure produces much greater loads
upon the longitudinals than excess of internal pressure, so that
the former is espccially to be avoided. The load upen the
longitudinals is always inward, even with excess of internal
pressure, unless the cover is so extraordinarily slack that it
bulges beyond the circumscribing circle through the apexes of the
longitudinals, and such a condition is very unlikely to occur.

Openings in the outer cover. A doped outer cover is fairly
air-tight, and a sufficient arca of openings must be provided to
prevent excessive internal or external air pressure when the
airship is ascending or descending at the maximum rate. The
rate of flow through the openings is given by the expression:

V = CAV'2p/p
where

V = the volume of air passing per second

A = the total area of the openings

p = the difference between the external and internal ajr
pressures

p = the density of the air

C = the coefficient of discharge, determined by experience

As an example, find the area of openings required to prevent
» exceeding .5 lbs./it.? in an airship of 2,000,000 cu. ft. volume,
descending at 2o ft./scc., assuming that the air weighs .o072
Ibs./ft?, and the rate of change of density is 3-3%, per 1,000

" ft. altitude.

Assume C = .5
V = 20/1,000 X .033 X 2,000,000
= 1,320 ft.3/sec.
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5442 X 32.2 X .5/.072 = 1,320
A = 125 ft.2

This is the area of openings required. .

The exhaust trunks usually provide sufficient openings for
the escape of air from the hall, but a,rld.itior‘ml openings are
nccessary for the admission of air to the hull. Two lc.trge lmtcl.ncs
with inward opening flaps are placed in the region of hl.gh
pressure under the bow; and several smaller openings with
similar flaps are placed along the keel. An alternative 'to the
flap doors is the use of fine mesh netting over the openings.

Gas cells, The gas ceils of rigid airships are usually con-
structed of single-ply cotton cloth, lined with goldbeater’s skin
to give gas-tightness. This skin is the outer casing of the cxcum
of the ox. Three-quarters of a million animals may contribute
to the gas cells of a single airship. Because of the great cost of
goldbeater’s skin, extensive resecarches have beer.l made toward
the development of a satisfactory artificial su.bstxt.ute to be pre-
pared in sheets, or spread mechanically on rubberized cloth. A
completely satisfactory solution of the problem has. n?t yet (1927)
been attained; but there is every indication that it is not far off.
The chief advantage of the natural product lies in the toughness
resulting from its fibrous nature, which cannot well be reproduced

in the artificial substitutes. ‘The skins are stuck to the cloth -

with a special glue, or by a thin spreading of gum rubber. Gz%s
cells are somctimes constructed of rubberized cloth.2 This
material makes rugged cells of fair gas-tightness, but undesir.ably
heavy. Rubberized cloth is dangerous for hydrogen containers
because of its electrostatic properties.

Tt is accepted practice to construct gas cells about 39 longer
and 1.57;; greater diameter than the space they are desigflcd
to fit, as an allowance for bulging between the girders anfl wires
of the airship, and to prevent any considerable tension being pl.lt
upon the fabric. A typical specification for goldbeater’s skin
gas-cell fabric is as follows:

2 Sce Part T of “Pree amd Captive Balloons” by C. deF. Chandler, a volume of the Ronald
Acronautic Library. ]

R I AR

e vt

A W €T ka2 e A s AR e

N A P

o g eme -

RERTS SO

Ch. 16] STEPS IN DESIGN 271

Cotton cloth, type HH................. 000, 2.00 oz./‘?rd.’
Spread rubber........ oL lLLLLL T .50
Rubber cement. ..., . oL, oLl 1.o00 “
Goldbeater's skin.............. ... ... 70 ¢
Vamish and chalk. ... ..., ... ... 0000 .35 #
otal weight... ..o i 4.55 oz./yds

In weight estimating, an allowance of about 107, should be made
to cover the weights of seams, suspension patches, ete.

Stabilizing surfaces. The stabilizing or tail surfaces of an
airship comprise the fixed vertical and horizontal fins and also
the movable horizontal and vertical surfaces or rudders. The
horizontal rudders are called dlevators,

The early airships usually had multiplane stabilizing surfaces
resembling box kites. This type of horizontal surface persisted
in Italy until after the war. In the early days bow rudders were
sometimes used, but were soon found to be a source of in-
stability and were abandoned. With the exception of the peculiar
box-kite surfaces used in Italy, the monoplane type of fin and
rudder has been practically universal since about 1910. At
first the monoplane surfaces consisted of a flat framework of
wood or metal construction over which cloth was  tightly

» stretched and doped. These flat surfaces could obviously have

but little strength in themselves and required much external
bracing wire to prevent collapse. This external wiring presented
a very considerable amount of parasite resistance. A notable
improvement in the stabilizing surfaces was the internally braced
V type surface of the Z-70 class of Zcppelin airship constructed
shortly before the Armistice. The cross-sections of these fins
were isosceles triangles with their bases against the hull of the
airship. With this shape it is very easy to make the forward
portion of the fin strong and light without any external bracing,
but the after part tapered out to a thin stern post forward of
the rudders. The stern post received large loads from the
rudder, and on account of its shape it was impossible to avoid
a considerable amount of external bracing. This type of tail
surface was used in the R-38, the Bodensee and the Shenandoah,

N
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with various types of rudders. The next notable improvement
in stabilizing surfaces was incorporated in the ZR-3. In this
airship, the after end of the fin is about 3 ft. in width at the base;
the fore-and-aft lines of the fin arc carried out in the rudder.
The stern post is a narrow A frame instead of a single box
girder as in the earlier type of internally braced fins. It is
possible to dispense with all external bracing except a single
set of strcamlined wires from the center of each stern post to
the hull.

No less important than the strength of the fins in themselves
is the manner in which the fin loads are introduced into the hull,
* There are two principal alternatives open to the designer in this
problem. He may choose to construct his fins so that they will
form an integral part of-the hull structure, assisting the hull to
resist shear and bending; or he may prefer to construct the fins
as separate units secured to the hull structure. If the latter
course is chosen, care should be taken that the fin loads are
transmitted to the hull chiefly through the main frames, which
should be specially reinforced to take such loads. It is obviously
important that large fin loads should not be applied through
the intermediate transverse frames which are without trzmsvcrse
bracing to withstand such leads.

Cocfficients for the areas and aerodynamic loading of the
fins and rudders are given on pages 56 and 106.

The frame of an airship fin usually consists of girders running
in approximately longitudinal directions along the outer edge
of the fin and along the intersections of the fin with the hull,
and transverse girders at from 8 to 16 feet apart. The fabric
cover is supported between the girders by the internal diagonal
bracing wires of the fin structure, and by longitudinal wires
about. 3 ft. apart. (Sce Figure 83, facing page 263).

The fin structure must be strong enough to sustain not only
the transverse aerodynamic pressure upon the surfaces, but also
the compressive loads due to the tension in the cover; this
tension is not likely to exceed roo Ibs./ft.

BIIIE e
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The cruciform girder. The cruciform girder is of great
assistante in transferring loads from the fins and rudders to the
hull.  In its simplest form this girder is merely an extension of
the vertical and horizontal stern-posts of the fins through the
hull, the two posts crossing at the center of the cross-section.
When each stern-post consists of two girders, as in the Los
Angeles, the ecruciform becomes a double-cross; and in that
airship the cruciform girder idea is further e‘:tended by having
another and much wider double-cross group of girders through
the hull, :.upportmg the fins at 10 meters forward of the stern-
post.

Rudders and elevators. The rudders and elevators of rigid
airships are each constructed with a stout rudder- -post, usually

U_—%

Figure 8s. Various Types of Airship Rudders

‘a box-shaped girder, about which the rudder turns. This rudder =
post receives the principal bending and torsional loads in the

sdd e O I, T 3 3 3 L3
rudder. The framework is compicted by light fore-and-aft
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girders sccured to the rudder-post and tapering aft to a fine
trailing cdge, and usually some light auxiliary members parallel
to the rudder-post. The structure is wire braced and covered
with fabric.

Airship rudders may be classified as belonging to three

types shown in Figure 85, (A) internally balanced, (B) externally

balanced, and {C) unbalanced. "The internally balanced rudders
were common with the old type of flat fins. It had the dis-
advantage that the rudder-post could only be supported at its
inboard and outboard extremities, and because of the gap
between the fin and rudder, the latter acted alone as a flat plate
when inclined to the wind. In the externally balanced and
unbalanced types, the rudder-post is hinged to the stern-post
of the fins and may be supported by three or four hinges. These
types have also the advantage that rudder and fin act together
to some extent as a curved acrofoil so that a much narrower

rudder than with the old internally balanced type suffices for

control of the ship. The external balancing area is very effective
in balancing the rudder because of its position and the large
pressures which come upon it. In the experiments on the C-7
the maximum pressure on the balanced portion of the rudder
was about twice as intense as the maximum on any other portion.
The external balance has the structural disadvantage that owing
to its position, it throws large torsional forces into the stern-post
of the rudder. The unbalanced rudder is structurally the best
of all, but puts considerable physical labor upon the helmsman.
For the vertical rudder this is not very important, because it is
never held long at one side, and with the modern type of narrow
rudder, the moment about the rudder hinge is not very great.
It is more serious for the elevators, because an airship when
statically unbalanced may be for a considerable period at an
angle of pitch, requiring a constantly applied force upon the
elevators. It therefore seems reasonable to follow the practice
adopted in the Los Angeles, which has balanced elevators but
unbalanced rudders.
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The Shenandoak had the Breguet type of balance on both
rudders and clevators. In this design, the control surfaces are
structurally of the unbalanced type, and the balancing area
consists of a small auxiliary surface on cach side of the rudder
or elevator, forward of the hinge point and supported by the
rudder quadrant and special struts. This type of balance
appears to be very effective, but when the rudder is at a large
angle, one of the balancing surfaces is almost in contact with .
the fin, and probably produces undesirable disturbances in the
air flow.

The Flettner type of aileron controlled rudder has not yet

been tried upon airships, but appears to hold possibilities for
the future.

Rudder and elevator controls. The rudders and elevators
are operated by long wire leads running through the corrider of
the ship from near the cruciform girder to the control car. The
leads are designed with a large factor of safety, usually six or
even more, based upon the maximum force calculated upon the
rudders from the ‘pressure cocfficients considered in Chapter V,
This large factor of safety is required in order to eliminate logt
motion between the rudders and the control wheels. General
rules for designing control leads are to have them readily acces-
sible throughout their length for inspection and repair, also to
avoid sharp turns as much as possible. The leads arc of solid
wire throughout the greater part of their length in the corrider,
but cxtra flexible cable must be used where passing over pulleys
or drums. The leads are connected to the rudders and clevators
by large quadrants, usually of about 3 to 4 ft. radius, placed
midway between the outboard and inboard ends of the rudders.
These quadrants are also of importance in increasing the stifiness
of the movable surfaces.

There has been a wide variation in the number of turns pro-
vided for the rudder and elevator control wheels in moving the
rudder from hard-over to hard-over. Practice has varied from
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four to twelve turns, and it is still very controversial as to
whether the helmsman should be required to exert much physical
force and “feel” the operation of the rudders, or whether he
should be given a powerful gearing and have the movement of
the rudder siowed down by the fact that, with such gearing,
. many turns must be given to the wheel to obtain large rudder
movements. Complicated control systems have been suggested
in which by hydraulic or other means a time element is intro-
duced into the movement of the control surfaces, making it
impossible for them to be turned too rapidly. Such systems, if
developed, will serve the double purpose of relieving the heims-
man of hard physical effort and at the same time preventing
too rapid or powerful operation of the rudders.

In addition to the control positions in the control car,
emergency control positions for the rudders and elevators are
placed aft in the ship, either in the corridor within the hull or
within the bottom fin.

Exhaust trunks. The exhaust trunks are ventilating shafts
extending from the bottom to the top of the airship at alternate
main frames, designed primarily to conduct cut of the ship as
directly and rapidly as possible the gas escaping from the auto-
matic gas valves which are placed near the bottoms of the cells,

in positions readily accessible from the corridor. In airships

inflated with hydrogen, the exhaust trunks are of vital im-
portance in order to prevent the formation of explosive mixtures
of hydrogen and air within the hull. With helium the exhaust
trunk is less important than with hydrogen, but nevertheless
it is a desirable feature in order to avoid the possibly stifling
effects of large quantities of gas suddenly discharged into the
corridor. The trunk is also useful in preventing accumulation
of gasoline vapor within the hull, although a much smaller
trunk than the present type would suffice for this purpose.
It is possible that in the near future, the present system of
automatic gas valves near the bottom of the cells and manually
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operated maneuvering valves at the top will be abandoned in
favor of combined automatic and controlled valves at the top
of the cells; exhaust trunks will then be unnecessary, except in a
modified form as a ventilating shaft, chiefly for gasoline vapor.

An exhaust trunk consists of a rectangular lower portion
against which the automatic gas valves rest, surmounted by a
shaft of semicircular or elliptical cross-section. If the section is
semicircular, the flat side rests against the wiring of a main
transverse frame of the ship. The rectangular lower part
usually consists of a bamboo framework covered with cordage
netting; and the shaft consists of horizontal wooden hoops
connected by vertical cords and netting. The trunks must be
strong enough to sustain the maximum gas pressure in the cells,
and particular care must be taken that the vertical cords are
sufficiently strong and well secured to prevent collapse of the
trunk by the simultaneous rotation of the horizontal hoops into

a vertical position,

In the parallel middle-body of the Shenandoah each trunk

" served two gas cells of about 150,000 cu. ft. volume cach; its

shaft wis of semicircular cross-section with a radius of 16 in.
The total weight of each exhaust trunk was about 47 lbs.

Each trunk is surmounted by a light plywood hood opening
aft to keep out rain and snow, and to create a draft up the trunk
when the airship is in motion.

Gas valves. Rigid airships are fitted with two sets of gas
valves having different functions. Near the bottom of each gas
cell, in a position readily accessible from the keel, one or more
gas valves are fitted, opening automatically at a predetermined
gas pressure, usually from .4 in. to .6 in. of water. Owing to the
low pressures at which these valves operate, they must neces-
sarily be of large size, usually 3 ft. or more in diameter with an
opening of 1 in. to 2 in. The valve has a spun aluminum frame
with a conical seat of rubberized fabric. The disc consists of a
circular ring and frame covered with rubberized fabric. The
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valve is closed by a spiral spring around the stem. With this

simple type of mechanism the force required to open the valve
increases about 2575 per inch of opening. At the top of each
cell an inwardly opening, manually controlled, maneuvering
valve is usually provided, although this valve may be omitted
from some of the cclls, especially these cells over large fixed
weights such as the power cars. The maneuvering valves are
only of about two-thirds the diameter of the automatic valves,
and because of the greater pressure at the top of the ship, their
construction is more rugged.

The reasons for having two distinct types of valves are best
understood by a consideration of the function of cach type. The
purpose of the automatic valve is to relieve the cell of excessive
pressure when the airship rises above pressure height where
the cell is comgletely distended by the gas, and when further
rising of the ship or heating of the gas would cause dangerous
pressure. In order to obviate freezing of these valves it is pre-
ferred to have them within the ship near the bottom of the
cell where they may be quickly attended to if they fail to function
properly. The manecuvering valves are used chiefly when it is
necessary to reduce the buoyancy of the airship in landing; and
since the cells are never completely full of gas when landing, the
mancuvering valves must be placed at a considerable height in
the cell, preferably at the very top.

Combined automatic and manually operated valves have
been designed to replace the present separate automatic and
maneuvering valves, taking the position at the top of the cells,
now occupied by the maneuvering valves. The use of such
valves would effect an important saving in weight because not
only is one valve eliminated, but owing to the greater pressure
at the top of the ship the valve may be much smaller than the
present type of automatic valve placed in the region of least
gas pressure; and the exhaust trunk would also be eliminated
or at least very much reduced in size. Another important
feature of this type of valve is that the springs should be con-
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nected to the disc by a system of levers so designed that the
force to open the valve is practically independent of the extent
of the opening. The objections to the top valve are inaccessi-
bility and the danger of freezing. To obviate this danger it is
essential that both the valve disc and its seat have rubber lips;
but it is not certain that even this precaution would suffice to
prevent freezing in all conditions of weather. Such valves are
still in the development stage.

Size and weight of gas valves. The automatic gas valves
must be of suflicient area to prevent appreciable rise of the gas
pressure beyond the blowing pressure of the valves when the
airship is climbing at the maximum rate of ascent, usually
about 1,200 ft./min. The rate of flow of the gas through the
valve opening is given by

V = CAN2p/p

where
V = the volume of gas to be discharged per second

A = the arca of the valve opening
p = the gas pressure at the valve
p = the density of the gas

C = a coefficient for the valve

Example. Find the valve area required for a gas cell of
150,000 cu. ft. volume to permit of an ascent of 1,200 ft./min.
with a maximum gas pressure of 0.4 in. of water, using helium
weighing .o14 1b./ft3, and assuming the rate of change of the
atmospheric pressure is 3.3% per 1,000 ft. altitude. Let C = .3.
V= 1,200 X .033 X 150,000

6o X 1,000
= gg ft.¥/sec.
p = .4 X 5.2 = 2.08 Ibs./ft.?

p = .014/32.2 = .000435 slug/ft3
- v - 2 X 09
5v'2p/p  V/4.16/.000435
= 2.02 {t.7 ’
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The mancuvering valves are usually designed for about the
same rate of discharge as the automatic valves.

The automatic gas valves of the Sienandoah had discs
31.5 in. diameter; each weighed about 14 lbs. complete. The
maneuvering valves had discs 19.7 in. diameter, and weighed
complete with their supports and protecting hoods about 22 Ibs.
each.

Valve control mechanism. The maneuvering valves are
opened by light wires leading to the control car where provision
is made for opening all valves simultancously or separately as
may be required. The control wires should be carefully adjusted
so that when the valves are opened simultaneously the openings
are equal.

Ballast system. Water is the only suitable ballast for rigid
airships. It is contained in bags of rubberized fabric suspended
in the keel. These bags are of two types, known as ordinary and
emergency water ballast bags. The ordinary water ballast
bags are usually of about one ton capacity each, and are dis-
tributed along the keel. Under cach bag there is a discharge
valve operated by a wire leading to a handle in the control car.?
The emergency or landing ballast is contained in bags of about
500 lbs. to a half-ton capacity each, located near the bow and
stern of the airship. The bottom of each bag is fitted with a
wide sleeve which is ordinarily tucked up into the bag with its
opening above the water level where it is held in position by a
trigger operated by a wire leading to the control car. To dis-
charge the ballast, this trigger is pulled, allowing the sleeve
to drop down and form a large opening through which all the
water in the bag is discharged almost instantaneously. The
emergency ballast should amount to about 3%, of the gross lift
of the ship; and provision should be made for total ballust
amounting to not less than 159, of the gross lift. In a modern
rigid airship fitted for mast mooring, a ballast pipe line should

* One type of valve lor water ballast bags is illustrated in “Pressure Airships,” a velume of the
Ronald Acrenautic Library. ’
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be provided in the keel of sufficient capacity for receiving water
equivalent to 10%, of the gross li{t of the ship per hour.

The provision of water recovery apparatus on the engine
exhaust has introduced a new phase into the water ballast
problem in airships.*  Ordinary water ballast bags must be
provided for ballast equal in weight to the fucl which may be
consumed, with pumps to distribute the ballast along the keel
as required to kecp the ship in trim, and avoid large bénding
moments. Hand-operated pumps usually suffice for this
purpose.

Provision must be made against freczing of the water ballast.
Refore the days of water recovery, it was a simple matter to
place sufficicnt calcium chloride or other nonfreezing mixture
in the water ballast bags to prevent all danger of the water
ircezing; but with water recovery, provision of suflicient caleium
chloride to make a nonfreezing mixture of all the ballast which
an airship may be carrying at the end of a long voyage becornes
a serious problem and has not yect been satisfactérily solved.
The girders must be protected by varnish or other suitable
coating against the corrosive action of the antifreczing material.
The use of noncorroding antifreeze substances is better still,
but is expensive.

Mooring and handling system. There are two pringipal
mooring or anchorage points on an airship; one is the mast
mooring point at the extreme tip of the bow, designed for secur-
ing the airship to a mooring tower or mast; the other is the
anchoring point at which the drag-ropes are attached to the
keel, below the turn of the bow about 795 to 8% of the ship's
length aft of the extreme tip. Wire strops for attachment of
the handling fines are fitted at most of the joints of the main
frames with the keel from near the bow to near the forward end
of the bottom fin. In addition, the center-line cars, which
usually are placed well forward and aft on the ship, have hand-

-

¢ Apparatus for water ballast recovery from engine exhaust gus is described in Part IIT of “Air-
cralt Power Plants,” 8 volume of the Ronald Aeronautic Library,
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rails where they can be easily grasped by the handling crew
when the airship is resting on the ground. The hand-rails on
the cars are sufficiently long to afford holding rcom for only a
small part of the total ground crew, and in order to provide
additional points for grasping the ship, light handling-frames
of tubing with wire bracing are provided as part of the ground
equipment, and provision is made for securing them to the
underside of the keel when taking the ship in and out of the
shed. :

Mast mooring gear. Connection between the airship and
the mooring mast is effected by means of a hanging cone which
fits snugly into the female cone at the top of the ram of the
. mooring mast. The ship's cone is a steel casting 21 in. in height
by 15 in. extreme diameter with 3/8 in. thickness walls. The
shape and dimensions of the cone will undoubtedly become
standard so that all airships may be moored to all mooring masts
throughout the world. The top of this conc is secured by a
horizontal transverse pin to a steel tubular spindle between 4
and 5 ft. in length, projecting through the bow of the ship on
the longitudinal axis of the hull. Freedom for the ship to swing
in the horizontal plane is provided by motion of the female cone

en the mast. Freedom to swing in the vertical plane is afforded -

by the transverse pin connecting the cone to the spindle. Freedom
to roll is provided by the spindle which is held in strong bearings
within the ship’s structure. The break-away of the Shenandoak
from her mooring mast in January, 1924, was due primarily to
the jamming of the spindle in its bearings so that the ship was
deprived of its freedom to roll, and the large twisting force
causcd in part by the collapse of the top fin resulted in the
longitudinals being torn from the bow cap which carried the
bearings of the spindle. The bow mooring line of the Skenandoak
was a flexible steel cable ¢/16 in. diameter and 500 ft. in length,
having a minimum breaking strength of 21,000 Ibs. This cahle
was rove through the spindle and mooring cone, and its bitter-
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end had a plug stop which fitted against a stop ring on the moor-
ing cone. A windlass is provided in the keel for hauling the
mooring cable into the ship. In addition to the mooring cable
through the cone, there are two steadying guys attached to the
spindle. These guys are also of steel cable, each about 550 ft,
in length and about two-thirds the strength of the bow mooring
cable. Windlasses are also provided to haul these guys into the
ship.

Anchoring point. The first main transverse frame aft of the
pronounced turn of the bow is specially reinforced with wire to
make a strong mooring or anchoring point in the keel. Two
drag-ropes of soft braided hemp are sccured to this frame and
are held in coils which may be dropped through hatches pro-
vided for the purpose. In the Shenandoak these drag-ropes were
500 ft. in length and 44 in. circumference. The anchoering

point is also used for mooring the airship by the three-wire
system.

Strength of the mooring and kandling systems. There is
not yet any very definite data available as to the actual forces
on an airship riding to a mooring mast; but it is belicved an
approximation to the maximum transverse force at the bow is
given by

F=CqV¥
where F = the transverse force
C = 3 coefficient = .12
¢ = the acrodynamic pressure = pr?/2
V' = the air volume of the ship

Example. Find the maximum transverse force on the bow of
the Skenandoak when riding to a mooring mast near sea level
in a wind blowing Go m.p.h.

V3 = 2,200,000%
00236 X 882
= s
12 X 0.15 X 17,400
19,200 lbs.

i

17,400 ft.2
9.15 lbs./ft3

I

q
F



284 AIRSHIP DESIGN [Ch. 10

The ‘maximum bending moment resulting from the trans-
verse force at the bow is about 25% of the length aft of the bow,
end its magnitude is given approximately by

M = o075 IFL
where L is the length of the ship.

When held at the anchoring point instead of at the extreme
bow, the transverse force may be about 25%, greater because of
the larger angles of yaw likely to occur; but the maximum
bending moment is rather less due to the more favorable posi-
tion at which the load is applied.

The maximum longitudinal force at the bow or the anchor-
ing point is only about half the corresponding transverse force,
and hardly has to be considered, since the ship is enormously
strong in longitudinal tension. It is customary to-design the
bow mooring strong enough to hold the airship in a wind of
6o m.p.h., and the anchoring point for a wind of about 40 m.p.h.,
with a factor of safety of two in both cases.

The handling points along the keel are designed for the
transverse forces when taking the airship into or out of the
shed in a cross-wind not exceeding about 15 mp.h. The total
force on the ship in a cross-wind is assumed to be given by

= .2 LDpt?

where L and D are the length and diameter, respectively, and
p and v are the air density and wind velocity in absolute units.
This force is divided between four points, ail on main frames,
two forward and two aft.

iy e

CHAPTER XI
COMMON AIRSHIP FALLACIES

The following six inventions constantly recur, and have heen
submitted to the Navy Department many times by aspiring
inventors. It is hoped that the explanations of the fallacics of
thesc inventions may save some future inventors much wasted
efforts and subsequent heart-burnings. The six inventions are:

{1} The vacuum airship

(2) Compressing gas or air for ballast

(3) Artificial control of superheat

(4) Combined heavier and lighter-than-air craft
() Channe! through hull to reduce resistance
(6) Wind screen at mooring mast

Stress in & vacuum airship. Inventors frequently proposc
the construction of a vacuum balloon, or airship, to secure
buoyancy without the use of gas. The following trcatment of
this problem has been presented by Dr. Zahm:!

The unit stress in the wall of a thin, hollow, spherical balloon
subject to uniform hydrostatic pressure, which is prevented
from buckling, is given by equating the total stress on a diametral
section of the shell to the total hydrostatic pressure across a
diametral section of the sphere, thus:

: 2xrtS=7xpnr

in which § may be the stress in pounds per square inch, p the
resultant hydrostatic pressure in pounds per square inch, s
the radius of the sphere, # the wall thickness.

The greatest allowable mass of the shell is found by equat-
ing it to the mass of the displaced air, thus:

47r72tp1=ilr_’.“_83

1 "Acrial Navigation.”
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in which py is the density of the wall material, p; the density of
the atmosphere outside. . )
Now, assuming p = 15, pi/ez = 6,000, for steel and air, the
equations give: » .
S = 3p p1/2p2 = 45 X 6,000/2 = 135,000 lbs, /sq. in.

as the stress in a steel vacuum balloon. .

For aluminum p; is less, but the permissible value of S is also
less in about the same proportion. . .

The last equation shows that for a given material and
atmospheric environment, the stress in the s'hcll or wall of the
spherical balloon is independent of the radius of the surface.
It is also well known that the stress is less for the sphere th.'%n
for any other suriace. Hence, no surface can be constrtxcted in
which § will be less than 32 p1/2p.. The' argument is easily
scen to apply to a partial vacuum balloon, since a balloon of one
nth vacuum will float a cover of but one nth the mass and

ngth.

StrL’TI{Zt: above result was obtained on the assumption that th.e
shell was prevented from buckling. As a matter of fac.t, it
would buckle long before the crushing stress could be attameq.
We must conclude, therefore, that while a vacuum balloon is
alluring as an idea, the materials of engineerin};: a.re not strong
envugh to favor such a structure. Perhaps, .1t is nearer .the
truth to say that such a project is visionary, with the materials
now available.

Compressing air or gas. A very common idea .with in-
ventors is to reduce the lift of an airship by compressing some
cf the gus from the cclls into high pressure containers, or else to
obtain the same effect by compressing air from the atmosphere
into flasks, thereby increasing the weight of the ship. B?Lh.of
these schemes split on the same rock as the vacuum airship,
the pressure forces entering into the pro??lefn arf far' too great
to be controiled within the permissibie Ifmits of weight. The

TR R
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following figures show the utter impracticability of controllin g
the buoyancy by pressure even if the weight of the compressor
is neglected.

A steel flask such as is used for the transportation of gascs
weighs from 113 to 130 Ibs. and contains 180 to 200 cu. ft. of
free gas compressed to between 1,800 and 2,000 1bs./in.2 The
maximum lift of 200 cu. ft. of hydrogen is only about 14.4 1bs,,
and is rarcly more than 13.6 Ibs. The Jift of the gas is thus only
about 10%, to 129 of the weight of its container. Changing the
pressure makes practically no difference in the resuit of the
problem. If the pressure were halved, the necessary increase
in the dimensions of the containers would almost exactly balance
the saving in weight made possible by thinner walls,

Compressing air into high pressure flasks is equally futile
with compressing the gas. The 180 to 200 cu. ft. of free air
which might be compressed into the steel flask considered above
for gas storage would weigh from 14 to 16 Ibs., or only 119 to
13% of the weight of the container.

Lift independent of altitude. Inventors of means for con-
trolling the kit of airships are very frequently unaware that as
long as an airship is below pressure height (i.e., the altitude
of complete fullness of the gas space), the buoyancy is inde-
pendent of the altitude. On the contrary, there is a very general
belief that as an airship ascends, its buoyancy is decreased by the
decreasing density of the air in which it floats. Actually, the
varying density of the air is balanced by the varying volume
of the gas cells, so that the buoyancy is unaltered so long as the
air and gas are equal to each other in fespect to pressure aund
temperature,

Owing to the limitations of strength in an airship, the
absolute pressures of the air and gas are necessarily almost
equal at all times; and it follows that when no gas is discharged,
change of altitude can produce change of lift only by creating

v

temporary differences in the relative temperature of the gas and
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the atmosphere. Such disturbances in the buoyancy are easily
taken care of by the dynamic lift while the airship is in motion.

When an airship rises above pressure height, gas is discharged
to prevent destructive internal pressure, and at the same {ime,
there is a loss of lift because diminishing density of the air is no
longer balanced by increasing volume of displacement. Obvi-
ously this is a permanent loss which cannot be restored by de-
scending to lower altitudes, because the gas which has been
discharged cannot be replaced during flight.

The difficulty of landing a light airship has been the inspira-
tion of most of the suggestions for compressing gas or air. This
difficulty is not the result of increasing buoyancy as the airship
descends, but results from the loss of dynamic control as the
ship slows down for the landing. The lightness of the ship (i.e.,
the excess of buoyancy) is usually due to the consumption of fuel
during flight, and while this may be easily compensated by head-
ing the ship downward while in motion at a fair rate of speed,
the compensating power which we have called “dynamic con-
trol,” disappears with loss of speed.

Artificial control of gas temperature. The weight of air dis-
placed by a given mass of gas varies directly as the absolute

temperature of the gas, given that the temperature and pressure -

of the air are constant. Since the normal temperature of the
air is about 520° F. absolute, the temperature of gas must be
raised about 26° F. in order to increase the lift 5%,.

In an airship of two million cubic feet volume about 36,000
B.t.u. are required to raise the temperature 1°F., and 5% in-
crease in lift would therefore require about 935,000 B.t.u. No
very satisfactory data on the rate of heat loss from airship
envelopesare available, but the rapidity with which superheat
is lost when passing under 2 cloud shows that the exchange of
temperature between the air and gas within the ship and the
outside atmosphere is rapid. It is probable that starting with

. 25° F. superheat, hali of it would be lost in 13 min. if there were
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no source of heat to make up the loss by radiation. In other
words, about 36,000 B.t.u. must be supplicd per minute. This
is equivalent to 850 Hp. in cnergy, and coupled with the weight
of apparatus required makes the scheme impracticable. A new
type of gas cell construction in which convection losses were
greatly reduced might possibly result in a practical solution of
the problem.

Planes to increase the lift of airships. The use of planes
to give dynamic lift to airships has been a favorite idea with
inventors for the past thirty years; and some of the carly air-
ships, notably Santos-Dumont’s No. 10, bhuilt in 1603, were
actually fitted with such planes. An airship with lifting planes
may be regarded as a combination airship and airplane, and a
consideration of the characteristics of such a craft shows that
it combines the disadvantages, and loses the merits of both
types in a peculiarly complete manner.

The combination craft is heavier than air, and depends,
therefore, upon the power of its engines to kecp it aloft. It
must leave the ground and alight at high speed, because the
lift of the planes is proportional to the square of the speed, and
at low speed they would afford no appreciable lift.  All these
disadvantages the combination craft shares with the airplae;
but on the other hand, because of the great bulk of its gas filled
hull, it is not a handy and easily maneuverable craft like an
airplane. It is impossible to conceive a large airship running
at high speed along the flying field before taking the air; and
still less would it be possible to construct an airship capable of
sustaining the shock of striking the ground at high speed when

Even if the difficulties of starting and landing the combination
craft could be overcome, it would still be inefficicnt in flight,
For every 1,000 1bs. Hft carried by the planes, approximately
6o the. reslatonce must be overcome by the thrust of the pro-

T IR 2 VTS S S - . .
pelicrs.  Un the other hand, a 5,000,000 cu. ft. airship dying at
{
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6o m.p.h. experiences only about 2o lbs. resistance per 1,000 lbs.
lift, and the relative resistance decreases with increasing size
and diminishing speed. It is apparent, therefore, that the
increase of lift obtained by the use of planes on an airship would
require a disproportionate increase in engine power and fuel
consumption.

Finally, there is the objection that the lifting forces of the
planes would necessarily be far more localized than the gas lift,
so that the hull would have to be much stronger and heavier to
take care of the concentrated forces.

Summing up, it may be said that the increased weight of
structure, engines, and fuel would considerably excced the lift
derived from the planes; and there would still remain the appar-
ently insurmountable difficulties in starting and landing the
combination craft.

Channel to reduce resistance. Innumerable inventors have
proposed to reduce the resistance of both air and water craft by
providing ducts or channels to permit some of the air or water
to flow from the bow to the stern by a more direct passage
through the ship instead of around the outside. The idea sounds
attractive; but tests have proved that such channels actually

increase the resistance, due probably to the increased surface

for frictional resistance to act upon, and losscs due to eddies as
the air or water enters or leaves the channel. The outside of a
fair streamlined body appears to present the most efficient
course for the flow of the fluid from bow to stern.

Proposals for flow channels through ships are frequently com-
bined with schemes of propulsion by propellers or blowers
within the channels. These additions in no way alter the basic
inefficiency of the arrangement.

Wind screen at mooring mast. After the break-away of the
Sienandoak from the mooring mast at Lakehurst, in January,
3924, many proposals were advanced to protect the airship
when riding to a mooring mast by some form of windshield

PRSI
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around the bow. By far the most important stresses in an air-
ship lying to a mast result from the transverse wind forces upon
the ship, and in fact longitudinal tensions are usually desirable
because they reduce the compressive forces resulting from the
lateral bending due to the transverse air forces. A wind screen
around the bow of the ship would undoubtedly rcduce the
longitudinal tension, but owing to the increased turbulence
which it would cause in the air flow it would probably increase,
rather than decrease, the transverse forces along the greater
part of the ship.
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Additional mass, 83, 80, 03, 96
Aerodynamic forces, 68-t
analysis, 63
angle of pitch, 88
bending moment, 2
gusts, 99
resistance, 6%
rudders and elevators, 64, 87
stability, 100
steady turn, g2
: transverse, §7-100, 259
‘ Air,
H compression of, 286
: weight of, 13 .
Aircraft Development Corporation,
36
Air-spced meter, 85
, . All-metal (See “Metalclad”)
! Altitude,
i effect on performance, 18, 19, 38,
39
; relation to gas fullness, 39
Anchoring pomt, 283
Angles, girder,
compression tests, 227-213
dimensions, 220
; Areas,
‘ computation of, 43-47
: cross-sectional, 42-46
ey drag, 84
clevator, 57
rudders, 57
surface coefficients, §3-55
tail surfaces, 56
Atmosphere, standard, 13
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Ballast,

air or gas 23, 286

system, 280

weight of, 22
Ballonet, nonrigids, capacity, 40
Balloon fabric (See “Fabric”)
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Bending,
acrodynamic moments, 91, 100, 256
calculations, 50, 61, 114
gas pressure maoments, 117
girder computations, 237
hogging and sapging, 112
modulus of clasticity, 237
nonrigid airships, 109
static moments, 256
Shenandoah moments, 63
tail surfaces, 04
theory, 109, 156 .
theory modification, 158
Bodensce, 256, 271
Box girders, 244
Breaking length, 6, 242
Breathing, 157
British airships, 172
Bunmpers, 205
Buoyancy,
center of, 47
longitudinal distribution, 61
trim moments, 58
vertical center, 48
virtual center, 58

C
Canpbell, C.LLR,, 158

rs,
control, 264, 205
passenger, 204, 265
suspension, 112-117, 263
Ceiling, static, 30
Cells, gas,
classification, 3
description, §? 270
eflect of defiation, 206
fullness percentage, 39
netting (See “Netting”)
Normand factor, 22, 24
wiring (Sce “Netting')
Channels, girder,
comparison tests, x27-233
dimensions, 220-229
failing stress table, 235
Choice of type, 11
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Classifications of airships, 3
Coefhicients of
additional mass, 83-89°
additional mass, table of, 84
damping, 102
efficiency, 35, 36
propulsion, 12
resistance, 7u
shape, 70, 73
skin friction, 71
viseosity, 81
weights, 23-28
Commercial load, 19
Cone, tail, 265
- Corridor, 260 261 (See also “Keel™)
Cover, cuter,
design of, 265
factor, 21, 23
function of, §
openings in, 269
stress in, 258
tension effect, 267
weight of, 23, 267
Crew, weight of, 22
Critical shear, 133 :
Crocco, Col, 135, 147, 158

imeam
TO35-50TULONS,

area of, 43

curve of arcas, 43

method of drawing, 149

natural, 149, 182

shape of, 147-140
Curvature,

cifect on stresses, 121

in conical portions, 124
Curves of

areas, 43

bending moments, 61, 62

buoyancy, 59

D—AD?3, 15, 16

girder strength, 230-233

length vs. volume, 50, 51

load, 59

shear, 61, 62

surface area cocfficients, 53-53

weight, 50

D

Damping,
{orce, 102
moment of, 102
Darrow, Prof. K. K., 109, 136
Deceleration tests, 83-87
Deflated gas cells, effect of, 202, 206
Deformation of envelope, 134-147
due to shear, 142

Dcformation of envelope—(Cosn-
tinued)
due to stretch, 138
of cross-section, 143-147
Density, air (See “Atmosphere,
stardard”)
Dietzius, Alexander; 100, 139-142
Displacement,
arr, 13, 42
standard, 13
Distortion, (See also “Deforma-
tion' )
intermediate frames, 212
sample calculation, 214
Drag, 68-75 (Sce also “Resistance”)
area of, 84
external, 82
Drag-rope, 281, 283
Duralumin,
chemical composition, 219
compressive strength, 227-233
girders, 220-246
physical properties, 219
table of girder characteristics, 243
Dynamic (See “Aerodynamic”)
Dynamic Iift, 104-10%

E

Economical size of girders, 245
Eficiency,
coefficients, table, 36
formulas, 34-40
propzllcr, 33, 86
static, 35
use of coetficients, 35
Elasticity,
modulus, 237
photo, :62
Electric air-speed meter, 83
Elevators,
controla 275
design, 273-275
Fllipse of stress, 128
Ellipsoid,
additional mass of, 83
equivalent, g9
-hyperboloid, 79
-paraboloid, 77
Elongation (See “Slcndcmcﬁs )
Envelopes, (See also “Cover”)
bending of, 109
breathing stresses, 151
cross-section shape, 150-152
strength of, 6
stresses in nonrigid, 134-133
surface area cocefficients, $3-85
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INDEX , 205

Envelopes—{Continued)
table of data, 52
tailoring, 134

- Exhaust trunks, 276

F

Fabric,
deformation, 138, 143
normal characteristic, 4o
shear characteristic, 140
strength, 6
stress in, 120-123
Fallacies, common, 235-291
Fictitious bars, 159
Fineness {See “Slenderness”)
Fins, (Sce also “Tail surfaces™)
design, 204
Normand f{actor, 27
Forces (See “Aerodynamic forces
and “Gas pressure’)
Form (See “Shape”)
Frames, intermediate,
definition, 4
discussion, 200-217
distortion, 212, 217
[ TRy ~
. gas pressure stresses, 210
shear wire tensions, 211
spacing, 173
Frames, main,
definition, 4
discussion, 202-200, 250
effedt of deflated gas cell, 206
factors, 22, 26
numbering method, 203
simplificd diagram, 204
spacing. 171
specimen computation, 203, 205
unwired, 208
Fuel,
consumption, 14
Nermand facter, 22, 27
welght, 13

»

“Fuhrman, Dr. G, 76

Fullness of gas cclis, 30
Funetions of gas, x,g
Future of rigid airships, o-13

G

Gas, (See also “Ceils, gas”)
compression of, 286
cffect of lift, 37
exhaust trunks, 276
functions of, 179
Normand factor 22, 27

'

Gas—(Continued)
percentage fullness, 13
pressure (Sce “Gas-pressure”)
temperature control, 288
valves, 277
Gas-pressure,
asset, 181
bending moment, 1§y
design considerations, 258
effect of Inclination, 81
effect on netting, 184
functions of, 179
intermediate frames, 210
longitudinal forces, 117, 182
magnitude, 180
super-nressure, 180
total, 180
German airships (See “Zeppelin”
and “Schiitte-Lanz"}
Girders,
application to design, 242
ball-cnd column data, 238
beam and column loading, 240
compressive strength, 227, 239
cruciform, 273
design of, 218-251
Almancinn -<l-—uv---wn:,lV 220-220
duralumm tables, 243
failing stress tables, 235, 241
illustrations  (facing pages), 242,
243, 246 .
joints, 246, 251
{attices, 227
long:tudunl 22, 24, 153, 187, 216
matcrmls, 218
minimum size, 245
Shenandoaks tests, 234
spacing of, 171, 255
steel,
tests of 234-243
weight estimates, 246
Zeppelin types, 221, 242, 246
Goodyear-Zeppelin uuzgn 208
Gusts, forces in, 99

H

Heszs, Ru h, 109, 130142
Handling system, 281, -81
Havill, Licut. C. H., 86, 87
Hnlmlm
compared to hydrogen, 33, 37
hift of, 13

_High tensile steel,

Hooke's iaw, xoo,\xm
Horsepower, performance relation,
12-19, 17, 8
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Hovgaard, Prof. Wm,, 158
Hull, )
effect of change of form, 32
fittings, weight of, 27
offsets, 78, 79
pressure distribution, 96-98
resistance tables, 72
scale effect, 80-82
shape derivations, 75-82
Hunsaker, Comdr. J. C., vi, 20, 99,

234
Hydrogen, compared to helium, 33,
37

Inclination,

effect on gas pressure, 181

effect on suspensions, 116
Independent load, 28
Inertia,

forces, 53, 6%

moment of, 0s, 111, 155, 161, 166
Initial tension, 177, 103, 196, 198
Intermediate frames (See “Frames,

intermediate”)

Inverse ratio mcthod, 163, 205

1

Joints, girder,
balt and sockct, 248
design of, 246-251
riveted strength, 248
Schiitte-Lanz, 247
Zeppelin, 246, 247
Jones, R., 103

K

Keel,
design, 260
evolution, 4
Los Angeles, 4

L

L-49, weight statement, 30
Laminar f{low, 80, 81
. Lattices. 227
Lee, John G., 228, 248
Length vs. volume, curves, $0, 1
Lewitt, E, H., 158, 175
Lift, (Sce aiso “Gas,” “Hydrogen,”
and “Helium™)
dynamic, 104
eifect o perfornunce, 37

Lift—(Continued)
effect of planes, 289
independent of altitude, 287
radial and tangential, 183
useful, 35, 37
Lipka mecthod, 87
Load,
commercial, 37
computation, 13
curycs, 5%
eflect of kind of gas, 37
effect of netting tension, 168
examples solved, 13-19
gas pressure, 187
transverse on wires, 195
Longitudinal
C. B, 47
strength, methods of calculation,
153-168
Longitudinals, {See also “Girders™)
definition, 4, 22, 24
effect of netting tensions, 108
gas pressure loads, 187
main and secendary, 173
maximum siresses, 258
outer cover load, 267, 268
radial load on, 199
spacing of girders, 171
stresses in, 162-165; 21§
weight of, 24
Los Angeles, U.S.S.
diagram ot structure, 4
dynamic lift curves, 105
gas-cell netting, 101
keel, 4, 260
power cars, 204
stabilizers, 205, 271
strain-gage measurements, 256
weight tables, 60, 61
Lythenary, 147

M

Machinery (See “Powerplants”)
Main and sccondary longitudinals,

173
Main frames (See “Frames, main”)
Martingales, 116
Mass,

additional, 83, 84, 8, 93, 90
virtual, 83
Mast, mooring,
description, 282
forces, 282
wind screen for,
Mathematically developed forms, 76-
[-5] .
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Metalclad airship, 3, 5-9
Middle-body, 68, 73
Models,
photo-elastic, 163
water, 135
wind tunnel, 69, 73-76
Modules of elasticity, 138, 237
Moments (see “Bending”
and “Inertia™)
bending calculations, 112
gas pressure
Shenarmdoah table,63
tail surfaces, 64
trim, 58
Mooring systems, 281, 283
Moment in Pitch, 101
Munk, Dr. Max M., 83, 89-95
N
Naatr, Dr. H, 106, 256
Natural shape, 149, 182
Navier Hypothesis, 109, 110
Netting, gas cell,
bulge of, 200
curvature effect, 183
description, 5, 190
discussion, 190-202
factor, 27
Gas pressure effect, 184, 187
Los Angeles, 191
practical application, 201
Nonrigids,
ballonet capacity, 40
C-7 illustrated, 6
envelope bending, 109
feature of, 3
shape of cross-sect., 146-150
shearing stresses, 124-128
size limnits, 11
strength of, 109-152
suspensions, 112-116
tailoring, 134
Nordstern, 265
Norge, illustrated, 6
Normal characteristics, 139
Normal pressure, 65
Normand’s equation,
application, 20-34
calculation of N, 29-31
limitations, 33
numerical example, 28
practical modification, 33
o
Offsets of hull forms, 78-79
Openings in ouler cover, 269

INDEX

Order of procedure, 259
Outer cover (See "Cover")
P

Pagon, W. Watters, 147, 151, 169

Parallel middle-body, 68, 73
Performance 12-40
data tabulated, 86
design considerations, 252
effect of altitude, 18, 38, 39
effect of speed, 14
effect of weight, 17
Photo-elastic tests, 162
Pitch,
tixed angle of, 88
simple motion, 101
stability conditions, 101-103
Pitot tubes, 85
Planes to increase lift, 289
Polygons, areas of, 43
Powerplant,
computation for, 13-19
Normand factor, 22, 27
Prandtl, L., 76
Preliminary design cale., 252
Pressure,
aerodynamic, 95
airships, 3
asset or liability, 181
difference, 69
distribution, 95-96
effect of inclination, 181
gas (see “Gas Pressure™)
measurement of, 180
normal, 95
on longitudinal, 182-190
on netting, 187
on tail surfaces, 106-108
rate of variation, 180
Pressureless airships, 3
Principal stresses, 129
Prismalic coefTicient,
curves, 50, 51, 53
definition, 48
Procedure, order of, 259
Propeller efficiency, 38, 86
Propulsive coefficient,
12, 34, 12, 34, 35, 86, 255
R
Rayleigh, Lord, 81
Resistance, (See also "Drag")
cars, 262-265
channel to reduce, 290
coefficients of, 70
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Resistance—(Continted)
deceleration tests, 83-85
etfect of appendages, 82, 83
{free and fixed propellers, 84
parallel middle-body, 73
pressurc difference, 69
skin {riction, 6g
slenderness effect, 73
tabular data, 72
wind tunnel, 73
Rettew, H. F,, 248
Reynolds, Professor Osborne, 81
Reynolds’ number, 81
Rigid airships, (See also index items
for vartous components)
advantages, g-11
deseription of, 4
future of, g-11
longitudinal strength, 153-178
main frame, 174
pressureless, 3
wiring, 175
Rings (See “Frames”)
Rudders,
controls, 275
design constderations, 271, 273-276
effect of rudder application, 87
Los Angeles, 205
Normand {actor, 27
types, 273 :
S

Scale effect, 80-82
Schiitte-Lunz,
girders, 242-244
jounts, 247
keel, 4, 260
spiral construction, 153
tubular girders, 244
wooden girders, 244
Schwarz atrship, s, 6
Secendary longitudinals, 173
Sccondary stresses, 168-171, 215, 216
Scmirigid,
breathing stresses, 150-152
cross-sections, 152
features of, 3
Norge, illustrated, 6
sizes of, 11
Shape of hull,
choice of, 253
wruss-sections, 146-149
effect of change, 32
general, 3
- mathemstical forms, 76-79
off sets, 78, 7
resistance curves, 74

Shear,
and bending, 61-66, o1
calculations, 59-66, 124-137
characteristic, 139
critical, 133
effect of loads on tail surfaces,
64-66
longitudinal, 125
sccondary stresses, 168
slope of wires, 176
theory, 157, 168
transverse, 126
wires, 5, 26, 154, 211
Slw.nandoah, U.S.S5.
girder tests, 234, 243, 256
keel, 260
moment of inertia, 162
moment tables, 63, 91
shear wire stresses, 161
strain-gage tests, 106, 256
Sgemcns-Schuckert Co., 109
Simpson’s rules, 43-46
Sizes of airships, 12-40
Slenderness ratio,
curves, 50, 51
dehnition, 4%
_ resistance effect, 69, 73
Slope of shear wires, 176
Sources and sinks, 76 :
Spacing of girders, 171, 255
Speed, (See also “Performance”)
critical, 81
effect of increase, 14
factor in computations, 13
independent of altitude, 38
measurement of, 8s
power relation, 12, 8s, 2
Stability, 18 55 255
acrodynamic, 100-103
eﬁ'cgt of unrestrained gas surface,

5

in pitch, 100

Jones' criterion, 100

static, 58

Zahm's criterion, 100
Stabilizers (See “Tail Surfaces”)
Standard,

atmosphere, 13

displacement, 13
Static,

bending, 256

ceiling, 39

stability, 58 °
Stcrr} (See “Tail cone”)
Strain-gage tests, go, 166, 163
Strengzth, comparative,

duralumin, 6, 175

P

INDEX ' 200

Strength— (Continued)

fabric, 6

steel, 0, 173
Stress,

ellipse of, 128

in fabric, 120

principal, 129

shearing, 124

tempcerature, 176
Stress/strain ratio, 139, 140

tructural weights {See “Weights”)
Superpressure, 180
Surface(s),

area coefficients, §3-55

tail {See “Tail surfaces”)
Suspension,

cars, 112-115, 203

diagram, 112

effect of inclination and thrust, 116

horizontal components, 113

martingales, 116

moments of, 112

vertical components, 113

T
Tail,
cong, 285
droop, 133

Tail surfaces,
bending moments due to, 64, 87
coefhcients, 56, 57
design of, 271, 274
forces. 64, 100
stabilizing, 271

" Tailoring envelopes, 134

Tchibyscheff's vule, 46
Temperature stresses, 170
Temple, E. J., 158
Tension, (Sce also. “Stress™)
due to transverse load, 193-200
initial, 177, 193, 166, 198
in outer cover, 266
Thrust, effect on suspension, 116
Thumin, G., 248
Torsion, 5
Tower, mooring {See “Mast, moor-
iﬂg")
Transverse,
forces, 87-100
shear, 126, 157
wires. 26, 20
Transverses (See “Frames”)
Trapezowdal rule, 44
Trim, moments, 58
Trunks, exhaust, 275
Truscott, Starr, 234

Types,
airships, 3
choice of, 11

U

Unrestrained gas surface, 58
Upson, R. H., 95, 135

v

Vacuum airship, 285
Valves,
control mechanism, 280
description, 277
sizes, 279
weight, 279
Vertical C.B., 48
Virtual mass, 83
Viscosity, 81
Viscous fluids, 8o, 81
Volume of airships,
center of, 47
computation problem, 13, 14, 42
displacement, 42
gas, 42
linear relations to, 48, 5o, 51
table of, 52
w

Water model,
photograph, 150
theory, 133
Weights,
cars, 263, 26
coefhcicnts of, 34-36
cover, 2067
division of, 12
effect of reducing, 17
gas cells, 270
girders, 246
linear dimension variations, 21
Los ngcles tables, 6o, 61
Normand's equation, 20-40
statement tabulated, 30, 31, 60, 61
Wind-screen, 290
Wind tunnel,
criteria of stability, 100-103
tests, 60-76
variable density, 82
Wires,
best slope, 176
gas-cell (See “Netting”™)
initial tension, 170, 103
shear, 5, 22, 26, 134, 21%
systems, 175
tension diagram, 176 )
tension from transverse foads, 106
transverse, 26, 205, 200



e

300
Y
Young's modulus, 138
A

ZR-1 (See "Shcnandaak"?
ZR-3 (Sce “Los Angeles™)
Zahm, Dr. A. R, 100, 285

INDEX

Zeppelin,
box girders, 244, 246
Count, 4
features of, 4
girder types, 221-226, 242, 246
joints for girders, 246, 347
keel, 260
stabilizers, 23
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