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PREFACE

In submitting the series of articles appearing in AVIATION AND
AEroNAUTICAL ENGINEERING in book form, only minor corrections

have been made.

No attempt has been made for obvious reasons to include new
material at hand, and under stress of urgent war work no systematic

revision has been attempted.

It is felt, nevertheless, that as the articles contained matter
mainly regarding fundamental principles, that they will still be of
assistance, particularly to younger designers and draftsmen, while

they should be of value as a reference to more experienced men.

The author has, unfortunately, not had the advantage of Mr.
Huff's valuable collaboration in this production in book form. He
thanks Mr. G. M. Denkinger, instructor in aeronautics at the Massa-
chusetts Institute of Technology, and Mr. Clarence D. Hanscom

for valuable assistanee in corrections.
ALEXANDER KLEMIN.

Dayton, Ohio,
October, 1918.






INTRODUCTION

This work, practically a course in aerodynamies and airplanc design, is subdivided into two parts: Part I,
Acerodynamical Theory and Data; Part II, Airplane Design.

In PART I it is proposed to deal bricfly with the fundamental ideas and theories of aerodynamies in a simple
vet eomprehensive manner.

It is important for the aeronautical engincer and for every student of acrodynamies to have at his disposal
exaet definitions of such terms as lift, drag or resistance, center of pressure, wing cord, angle of incidence, and
other well known expressions.

Although the exaet nature of viscosity, skin frietion, eddying or density resistance, stream line flow, turbu-
lent flow, the sustaining action of cambered wing surfaces, and the prineiples of comparison for forees on hodies
of varying dimensions still present many difficulties, it is hoped to give a simple and, above all, praetieal sum-
mary of these points. The more difficult theoretical demonstrations will be reserved for special artieles.

The authors propose also to give a brief deseription of the chicf acrodynamical laboratories and of experi-
mental methods there employed. Without a knowledge of such methods, appreciation, and application of the
laboratory data available is certainly not ecasy.

Considering the comparatively reecent growth of aerodynamies, the amount of material now available is
extraordinary. It is unfortumately scattered through a variety of publicatons; English, French, German, Rus-

sian and Italian, presented in varying ways and in varying systems of units. Nor is all of it entircly worthy
of eredence.

In this eourse it has been attempted to reduce this material, particularly that of English and French origin,
to one system of presentation with forees measured in pounds, areas in square feet and veloeities in miles per
lhour or feet per seeond, so as to be more readily applicable in Ameriean design; to include all the material which
is trustworthy and of immediate and pressing utility to the designer, in eavefully classified form.

The Eeonomie Laws of Flight will be fully dealt with, in horizontal and aseensional flight. The eonsideration
of the performanee eurves of a machine will be partieularly nuseful to those engineers and students to whom the
subjeet is comparatively new.

Throughout, illustrative problems will be worked out on important points, especially to faeilitate comparison
between wing seetions.

PART IT will inelude a discussion of available acronautical materals, timber, steel, alloys, rubber, ete.—
with trustworthy values for stresses; a variety of diagrams and scale drawings representative of modern design,
and a elassification of the most important modern machines, with their main data.

At this stage of the art, it is impossible to say that any method in design is standard, but a systematie pro-
cedure of design will be fully developed.

Partienlar stress is laid on the evaluation of factors of safety. The dynamie factor of safety, the material
factor of safety, the worst loading possible in the air, the worst possible shoek on landing ; nothing offers so many
possibilities of eonfusion and untrustworthiness; and nothing is in more need of definite and aceurate statement.

Complete strength ealeulations will be presented for body, chassis, wing girders, and controlling surfaces, and
the design of a standard machine will be carried through, with cousideration of motor and propeller problems,
weight distribution and balaueing.

Throughout the eourse, the most clementary mathematies are employed, and nothing beyond a knowledge of
the first mechanieal prineiples is presupposed.

It is hoped, therefore, that the course will be easily understood by any engineer or student approaching the
seriens study of the airplane for the first time. At the same time it is felt that muech will be of serviee even to
the expert aeronautical engineer.
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Chapter I
Modern Aeronautical LLaboratories

Early Experimental Aerodynamics

Acronauties as a whole and aviation, the seience of the
heavier than air machine, has from its earliest coneception,
been an experimental art. When Professor Langley in 1887
started his experiments on an extended scale for determining
the possibility of, and the conditions for, transporting in the
air a hody whose specifie gravity is greater than that of air,

measuring these forces were designed with the intention of
correcting the errors which had rendered so nntrustworthy the
results of their predecessors.

During the winter of 1901-1902 their investigations included
some hundred different surfaces of which about balf have
been tabulated and the results used in their subsequent work.
Experiments were made on the effeet of varying aspeet ratio,
eurvature, eamber, and the variation of the position of the

F16. 1. WHIRLING ARM USED BY MEssns. VIOkeRS 1N TESTING PROPELLERS

he had before him papers by such scientists as Gay-Lussac and
Navier, proving econclusively that mechanical flight was im-
possible. ] .

Langley was not easily discouraged and by a carefully
eonducted series of experiments earried on under very ad-
verse conditions, he was able to build a machine which though
unsueeessful in its flight in his day, due to fanlty mechanism
in the launching device, has sinee been flown under its own
power by Glenn Curtiss in 1914, at Hammondsport, N. Y.,—
possibly with some alterations.

At the time the Wrights took up the subjeet in 1896, there
were but few aerodynamieal works of interest or value in ex-
istence. They were dependent upon the meager experiments
and tables of Lilienthal and Duchemin and the work of Lang-
ley which seemed to verify Duehemin’s formula. After spend-
ing two years experimenting upon these figures of Lilienthal
and Duchemin, the Wrights came to the conelusion that the
tables were so mueh in error as to be of no practical value in
airplane design.

In 1901 the Wrights designed and built a small “ Wind-
Tunnel 7 in which they could earry on systematie investiga-
tions on the pressure produeed by various surfaces when pre-
sented to the air at different angles. The instruments used in

maximum ordinate of the wing section from the leading edge.
Thick and thin surfaces were tested to determine the effect of
thickness. The effect of superposing the surfaces, as well
as placing one behind the other, were measured and what
was of even greater interest, the first measurements of center
of pressure motion on curved surfaees at carrying angles were
tabulated by them. As a direct result of their laboratory ex-
periments and the development of a system of control, worked
out in their earlier gliding flights, they were able to build the
first power driven airplane.

To demonstrate that the Unjted States deserved a right to
leadership in aviation in the earlier years, one need but men-
tion other mames, sueh as those of Oetave Chanute and Dr.
Zahm. The latter, through the efforts of Hugo Matthul-
lath, was provided with an aerodynamical laboratory which
was' in its day the most perfeet of its kind; and although the
experiments extended over a few years only, the results of Dr.
Zahm's labors were exceedingly valuable.

General Requirements in Airplane Design

As is the case in ship building, a suitable machine for every
purpose eannot bo developed and there must be a special type
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with specific qualities in slow speed, high speed, weight, arma-
ment and defense. Some of these factors are directly opposed
to others. For example, the ideal machine for the regulation
of artillery fire, would be able to remain immovable or eirele
about very slowly above one point. The “ chaser” or machine
used to rid the air of the enemy's planes should be the fastest
possible. With the eomparatively narrow range of speed pos-
sible in an nirplane one ean see the uselessness of an attempt
to combine these two types in one machine, On the other hand
from the produetive side, it is impracticable lo inerease the
number of types indefinitely, for this would call for an enor-
mous ontlay in maehinery and increase in personnel. A com-

FiG. 2. First ’LaTrORM EQUIPPED FOR TRIAL AT AEROTECIHNIC
INSTITUTE OF SAINT-CYR

promise has therefore been made, with the selection of some
four master types of airplanes which may be elassed accord-
ing to their military uses:

1. Tue Stratecic Scout. A slow endurance machine for
use on long raids into the enemy’s country, for mapping and
photographic work.

2. Tue Hieu Speep Scout. For tactical reconnaissanee
and use over the lines, and ecapable of out-elimbing and out-
tlying the enemy. .

3. FIGHTING OR BATTLEPLANE. Armed and armored, for
driving off the enemy’s seconts and proteeting the fourth elass.

4. Bomn Drorrers orR WeignT Carriers. Yor use in de-
stroying small bridges, railways, etc., depending for their
proteetion upon the battleplane.

In order to design and build machines to meet sueh quali-
fieations the designer must give up the old haphazard methods
of building first, and then determining the performance. He
must go about the design in a thorough and scientifie manner
in order to bope to eome within reasonable limits of his speei-
fication.

The most important items in the performance ol present-day
macliines are: their weight, their rate of elimb, high aund low
speeds, angle of glide, propeller efficieney. and enduranee at
eeonomical speed for varions Jdoadings. These depend on a
careful manipnlation of aerodynamieal datn, including the
lift and resistance of the main planes and control surfaces,
the resistance of struts, wires, wheels, radiators and ap-
pendages, the distribution of loads on surfaces, and different
combinations of surfaces. On the effeets of the various sup-
porting, control and fin snrfaees, and on the summation of nll
aerodynamieal forees depend not only the performance, but
the controllability, factor of safety, and stability of the air-

AERODYNAMICAL THEORY
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plane.  To produee a desired type the designer must bear in
mind every faector.

The desired type ean be obtained by the “cut and try”
proeess on the full size maehine. This experimental flying
is, however, n dangerous and eostly method that has led to
many an unfortunate aceident.

Difficulties of Full Scale Experiments

The real worth of full scale experiments depends on the
delicacy and precision of the recording instruments, the ex-
pertness of the pilot and the interpreter of the recorded data.
The chief objections, cther than that of danger to the pilot, are
the great variations in atmospleric conditions and therefore
the nnavoidable delays in tests, the inability to repeat the Lrials
nnder exactly the same conditions, the necessarily short time
allowable for observation and the nnavoidable introductions of
many variables, when but a slight change is made in one part
of the design, 1t is this inability to diseriminate among the
possible causes of behavior of the machine that may lead to a
maze of eonflicting results.

There is a place, nevertheless, and a very importaunt one for
full sized experimental flying—that the machine may be tuned
up and minor adjustments made for ease of eontrol and steadi-
ness under aclval flying conditions.  Such work, however,
shonld not be undertaken nntil the safety ot the pilot is rea-
sonably assured.

- Towing Methods

The most natural and logical thing to do with model air-
planes wonld be to tow them through still air and reeord the
forees and moments to which they are subjecled. This is not
so simple an arrangement as in marine work. The airplane
is free lo move along the three axes in space and aronnd any
of the same, whieh introduees complications in the reeording
mechanism that are most diffienlt to overeome. Very mueh
higher speeds are required in aeronautical work and this in-
creases the length of track for testing prohibitively or de-
ereases the time of experimental observation to such an extent
as to spoil the preeision of the resulls.

The prineipal objection to towed model tlight is the inability
to obtnin still air, as even in a closed room eddies are eon-
stantly present, which are impossible ot measurement; this
may be observed by making apparently calm air visible by the
introdnetion of smoke. Radiation of heat from the walls is
apt to eause such eddy making to a very marked degree.

In a measure the diffienlties of rectilinear-motion are over-
come by replacing it by rotation about a fixed axis: bnt here
the radins must be relatively large and the building necessarily
of similar great dimensions. The rotation is not wholly eom-
parable with translation sinee along the transverse axes of the
body, under lest. the different parts have not the same relative
veloeity aud some eompromise is necessary dne to this differ-
ence in radial length. Centrifugal foree is present whieh must
be overcome by the measuring instrument, as well as the dis-
turbance set np in the air by so large an object as the whirling-
arm passing the same point a number of times,

The whirling-urin nsed by Messrs. Viekers, Ltd., of ¥England,
in their experimentnl work is illustrated in ¥ig. 1.

Wind Tuunel Methods

1f we are willing to accept the doctrine of relative motion
then the resultant foree on a solid with a mniform iotion
through still air, is the same ns that for an immovable solid
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upou whieh a constant eurrent of air impinges. A “ Wind
Tunnel”’ test, where a steady current of air impinges on a
model at rest, should therefore give the same results as a tow-
ing test. Differenees would be due to experimental errors and
not to a difference in prineiple.

In the towing method, the influence of the mounting stage
and unsteadiness of the air introduce errors. In the wind
tunnel, there may be slightly non-uniform flow, disturbances
due to the sides of the tunnel, ete. Wind tunnel work, how-
ever, has proved far superior to the towing method, which it
has almost entirely replaced and it has now heen developed to
a high degree of preeision and unsefulness.

From wind tunncl tests, the engineer may obtain data for
the “balaneing ” up of an airplane—the adjustment of the
center of gravity with referenee to the air forees, the loading
on his wing and eontrol surfaces, the resistance of the body and
appendages, and other useful information. It will be scareely
disputed that snch tests are of immediate. commereial value to
the practieal designer.

Laboratories of the Wind Tunnel Type

The Inmstitut Aérotechnique de UUniversité de Paris, under
the directorship of M. Maurain and M. Toussaint, situated at
St. Cyr, some ten miles out of Paris, is devoted, for the most
part, to experiments on full size surfaces and aeroplanes.
Covering some eighteen acres of land, a splendid opportunity
is offered for ample buildings, as well as the seven-eighths of a
mile railway track used for experimental work.

The main building with a large central hall is surrounded on
three sides with work shops, laboratories and a power station.
Within the hall is installed the experimental apparatus directly
conneeted with aviation. Here there are several wind tunnels
of different dimensions and wind speed, arranged for the test-
ing of scale models and appendages, apparatus similar to
Colonel Renard’s for the investigation of stability and proper
propeller testing apparatus. A motor testing plant for endur-
ance and ceonomy of aeronautical motors, instruments for
measuring the propeller torque for varions rotational speeds
at a fived point and the testing of propellers at rupturing
speeds are also ineluded.

In the chemical laboratory investigations on balloon fabries
and gases are undertaken with special reference to their manu-
facture and purification. The physical laboratories are de-
voted to the production of instruments for aeronautieal pur-
poses, both experimental and applied. Work shops are at one
end and an individual power station supplies encrgy and light
to the Instifute and experimental departments.

In a separate building, ecovering a quarter of an acre, is
lioused a “ whirling-arm ” some 50 feet in radius, nsed prin-
cipally for the ealibration of instrnments. It is, however, not
as popular as the track and wind tunnel experimental ap-
paratus. The out-door track proper is of standard gage,
seven-cightbs of a mile long, level for the part over which ex-
perimental data is recorded, but rising slightly for some
distance at either end to faeilitate the starting and stopping
of the five-ton clectrie ear, upon which the surface, full size
airplane or propeller is mounted and earried.

Four cars, each rigged for one type of experiment, are con-
sidered necessary. Car number one measures the horizontal and
vertiecal components of the resultant air foree, as well as the
center of pressure for various angles of incidence of the sur-
face to the wind: two and three are for large and small pro-
pellers in connection with dirigible and airplane work; and
number four is especially equipped for the measurement of

the resistance of appendages. The earriages are equipped with
appropriate measuring instruments of the recording type,
readings being recorded simultaneously as the car moves over
the track. The velocity of the air is recorded by means of a
calibrated venturi tube anemometer.

The testing apparatus is of such size that a full scale air-
plane can he mounted and subjected to test for lift and
resistanee and statie longitudinal stability. In order to accom-
modate such large forces as are enconntered in full seale work,
the instruments are of considerable size; this has the disad-
vantage of destroying much of the delicacy of the measure-
ment. The results obtained are said to be in error hy about
five per eent in lift and about ten or fifteen per cent in re-
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¥16. 3. PrLAN oF EIFFEL'S AERODYNAMICAL LLABORATORY

sistance. The real value of experimental work of this nature
and its comparison with results obtained from model tests is
ss yet not fully determined.

Eiffel in his laboratory at Anteuil, in an investigation to
ascertain the aerodynamieal effect produced by the ear, sit-
uated as it was directly beneath the surface under test, reports
that when eorrection is made for the presence of the earriage,
agreement with wind tunnel results is fairly obtained. He also
notes that modification is being made at St. Cyr in the position
of the surface as mounted on the ear in order to reduce the
interference as mueh as possible. A similar eomparative test
made at the National Physical Laboratory, England, on wind
tunnel models shows good agreement with the lift coefficients,
but the resistance coefiicient in the full size experiment is still
unsatisfactory.

The Laboratoire Aérodynamique Eiffel, supported by the
personal means of, and directed by G. Eiffel, is of the most
elaborate in design. Devoted entirely to wind tunnel experi-
ments, it is completely housed in a beautiful white stone build-
ing, fronted by a formal garden. The building proper, two
stories in height, is 100 by 40 feet.

As may be seen by the accompanying photographs, the lab-
oratory room is reetangnlar in shape, with a large and small
wind tunnel side by side, occupying the central space and
suspended mid-way from floor to ceiling. The position of the
tunnels permits the free circulation of the air in the room.
The wind tunnels are of similar eharaeter, one heing of smaller
working diameter than the other. They each consist of a bell-
shaped collector, a large laterally air-tight experimental cham-
ber, used for both the large and small tunnel, and independent
expanding trunks leading from the experimental chamber to
the individual suction blowers. The air is drawn from the
large surrounding room or hangar into the bell ecollector,
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through a honey-comb baffe to straighten the tlow, then across
the experimental ehamber into the expanding trunk where it
passes throngh the suetion blower and is diseharged at low
veloeity, back into the room.

M. Eiffel's eharaeteristie variant is his hermetie experi-
mental ehamber. When first interested in experimental aero-
nanties, he experienced diffienlty, due to interference of flow
around his models cansed by the walls of the elosed tunnel.
In order to avoid a tunnel of excess size and still not reduce his
model dimensions, the walls were removed for some distance
and replaced by an air-tight echamber enelosing the stream of
air. The pressure in the bermetie room is necessarily that of
the air stream it contains, so that a eylinder of air traverses

AND DATA
obstructions 10 meters, 33 feet, in length, 4 meters, 13.1 feet
in width and 5 meters, 16.4 feet, in height. A rail supporting
a sliding floor carries the observer and weighing mechanism
above nnd elear of the nir stream. A seeond observer on the
floor is required to regulate the wind and adjnst the model
during a test. The two tunnels are of course so arranged that
the one not in use may bhe blocked off with air-tight wall plates
so preserving the low pressure in the experimental ehamber.
In order to avoid the possible physical discomfiture often ne-
companying sudden ehanges in pressnre, an air-lock is pro-
vided for passage into or out of the experimental ehamber.
The models are mounted npon espeeially designed standards
or measuring instruments, such as a large and small aerody-
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the chamber in parallel stream lines and without showing any
appreciable eddy. If a fine silk thread is held in the working
stream, a slight play up and down or to the right and left may
be noted, showing some variation is present. The velocity of
the stream is measured by an aleohol manometer, registering
the difference in pressure in the experimental chamber and the
laboratory room outside. This is one method of veloeity de-
termination and will be explained in detail later. The
manometer when left to itself shows a slow variation in
velocity with time of some four per cent.

The general dimensions of the installation at Anteunil are as
follows: The large channel has a bell eolleetor with end diam-
eters of 4 and 2 meters, 13.1 and 6.6 feet, with a length of 3.3
meters, 10.8 feei, and an expanding trunk 9 meters, 29.5 feet,
long with end diameters equal o the eollector. Tle expanding
trunk conneets with a suction blower, having a seetional area
of 9 square meters, 97 square feet. The small tunnel eom-
prises a bell eolleetor, ends 2 meters and 1 meter in diameter,
1.65 meters in length and an expanding trunk 6 meters long,
conneeted to a Siroeeo suetion blower.

The above dimensions permit in the larger, a nuiform stream
of air 2 meters, 6.6 fect, in diameter to be drawn through the
experimental chamber at a speed varying between 2 and 32
meters per second, or 6 and 105 feet per seeond; this is accom-
plished by n 50 h.p. electric motor driving a 50 per cent
efficient blower. In the small tunnel of 1 meter diameter
air flow, a maximum velocity of 40 meters, 131 feet, per sec-
ond, is obtained by a 50 h.p. cleetriec motor driving the Sirocco
blower.

The experimeninl ehamber 13 a rectangular room free from

namieal balance—deviees for measuring the lateral forees,
pressure distribution and a very excellent apparatus for test-
ing small propellers. All the apparatus is mounted in the
most convenient manner and may be used for either the large
or small ehannel as desired. The aceuraey of the results ob-
tained, while possibly not suffieient for exaet physical research,
are ample, from the practieal stand-point.

The Deutsche Versuchsanstalt fiir Luftfahrt zu Adlershof,
snperintended by Prof. Dr. Bendemaun, is of the same
order as the experimental grounds at St. Cyr, but on a much
less claborate seale. The work is prineipally on full seale air-
planes and bloek tests on aeronautie motors. One building is
devoted to full seale testing, another to construetion and re-
pairs and five smaller ones to the housing of motor testing
apparatus. The main building has a eentral tower some 100
feet in height from whieh wind observations may be made and
other atmospherie conditions reeorded. Cables from the top
of this tower are used to support full size airplanes in the
determination of their moments of inertia. A track outside 1
of the building is used, as at St. Cyr, for the testing of fuil
size airplanes or surfaces. In this instance n locomotive used
to push the mounting stage is substituted for the St. Cyr elec-
trie driven ear, a rather doubtful adjnnet.

The Gottingen Aerodynamical Laboratory, nnder the super-
vision of Professor Prandtl, has little of the ornate as eom-
pared to the Eiffel Institution, housed as it is in a plain one
story briek building, 30 by 40 I'eet in size. The building, as
may he seen from the drawing, is about equally divided he-
tween wind tunnel and office space. Glass doors in the side
next the observation room permit of aeceess to the experimental
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section of the tunnel, while trap doors open here and there
to allow entrance into other sections for the adjustment of the
honey-combs, bafiles, ete.

Unlike the Eiffel tunnel, the air follows a eclosed circuit
necessitating the turning of four corners. The 2 meter diam-
eter blower, driven by a 30 h.p. electric motor, forces
a steady eurrent of air through the 2 meter, 6.6 foot, square
wooden tunnel. At a short distance down stream the air
passes through the first honeycomb, 400 large square metal
cells, similar to the pigeon holes used for post office boxes.
These cells are so constructed with two-ply metal walls that
the quantity of air passing through any one may be regulated
by partly hending out one thickness wall to obstruet the pas-

Seection

passes through the second honeycomb, much finer than the
first. This last honeycomb is constituted of about 9,000 cells
from which the air, after passing a wire mesh to remove any
foreign matter, issnes with a maximum velocity of 10 meters or
32.8 feet per sceond, to act npon the model suspended some
distance down stream.
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TFi. 5. THE GOTTINGEN AERODYNAMICAL I ABORATORIES

sage. The cells, 11 many instances, have been so restricted to
regulate the air flow that it might be as uniform as possible.
Vanes, similar to those of a turbine, are utilized at the four
- corners to turn the eurrent through a 90 degree angle, without
producing excess eddy-motion. After the second turn, just
hefore the air enters the experimental part of the tunmel, it

DYNAMOMETER

A great deal of the work in the Géttingen Laboratory has
been devoted to the resistance of airship bulls, ete., for which
work a special suspension method of mooring wires, bell
cranks and weights, has been adopted with great success. A
differential pressure gage, sensitive to pressure changes of ore-
millionth of an atmospherc is used in the determination of
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velocity. Many interesting experiments on the distribution of
pressure have been conducted upon small propellers, con-
strueted by electroplating with ecopper, wax models. A more
detailed deseription of the suspension device and differential
gaze will follow,

The Wind-tunnel of the United States Navy Department,
under Naval Constrnetor Holden C. Riehardson, is at the
Washington Navy Yard, Washington, . C. The tnmnel is
similar to the German Gottingen Laboratory in that the air is
confined in a closed eirenit, in this case eight feet square at the
test section. The cross sectional dimensions vary as may be seen
in the accompanying print, in order to eompensate for the
curves taken by the stream. Ounly one sei of honeycomb

baffles is employed, these being placed just at the entrance of
the experimental chamber and 20 feet up stream. These 64 cells,

Fic. 7. ExtErior oF ThHE WIND TUNNEL AT THE Massa-
cnuserTs IxstituTE OoF TECHNOLoGY, SnowixGg CrLLS
Trroven Wincn At Is SUCKED 1IN FROM THE Roox

each one foot square and eight feet long. are equipped with
individual adjustable dampers used as a eontrol npon the
quantity of air passing and so produeing uniform tlow to
within ahout 2 per cent. The balance and motor eontrol are
mounted on a platform upon the roof of the tunnel. The
model is supported in a horizontal position in the wind on a
halanee similar to that of Eiffel’s and sensitive to at least
2/1000th of a pound. Models up to 36-inch span are per-
mitted without noticeable interterence from the walls or ehok-
ing of the air flow.

The veloeity measurements are unique in that in place of a
single pitot nnd pressure tube, placed in the vieinity of the
model, a series of twelve tubes equally spaced, directly on the
discharge side ot the record on  an  infegrating
manometer the velocity of the stream. The veloeity of the
stream from the hlower has a direet relation to the veloeity of
the wind in the experimental ehamber, against whieh it has
heen ealibrated for all speeds.  The pitot tuhes used have beeu
themselves cheeked with the standard inbes of the National
P’hysieal Laboratory of England and the Aerodynamieal Lab-
oratory of the Massachusetts Institute of Technology.

Power for driving the suetion blower is supplied hy a 500
h.p. 230 volt direet enrrent

hlower

clectrie motor, operated on

AND DATA

the Ward-leonard system. A veloeity of 75 wmiles an hour

may be obtainable, but due to the heating of the air by frietion
and other difliculties in maintaining regular tlow this high
speed is seldom utilized. Generally tests are made at a speed
of about 40 miles an hour.

Fic. 8. (A) PropELLer aND (B3) AERODYNAMIC DBALANCE 1IN
Usk aT THE Massacuuskrrs INstitere oF TECHNOLOGY

The National Physical Laboratory at Teddington and the
Royal Aircraft Factory at Farnborough, England, constitute
the most eomplete aeronautical experimental eombination in
the world. The acronautical portion of the National Physieal
Laboratory is devoted to experimental investigations of the
British Advisory Commitiee for Aeronanties. This committee,
with Dr. R. T. Glazebrook as chairman, and sueh able eo-

ExTRaNCE NozzLeE SuowiNa HoNEveosn
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workers as Dr. Stanton and Mr. L. Bairstow, initiates
the investigations at the N. I’ L. and oversees the general work
in aeronauties throughout the Kingdom.

The Royal Aircraft Faectory, superintended hy Mervyn
O'Gorman, works in elose eo-operation with the N. P L. It
has facilities for model experiments, but is wmore concerned
with tests on tull size airplanes and the application of' the

investizations ot the National Physieal Laboratory. There is
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necessarily some overlapping in the work carried on at the two
institutions, but no interference.

The Royal Aircraft Faetory before the war. was the largest
factory then in existence devoted to the manufaeture of
airplanes. All the experiments are carried on in the large
flying field in connection with the factory. Machines equipped
with intricate recording instruments are flown under their own
power and such important information as: power utilized,
angles of piteh, roll and yaw, speed through the air, altitude
and control movements are simultaneously recorded. This, in
a true sense, is full seale experimental work and the results
have been to disclose defects and encourage the improvement
and safety of the machines. By the eareful application of the
model experimental work of the N. P. L. an inherently stable
biplane with a speed range of 40 to 80 miles an hour had been
produced by the R. A. F. before the war. Improved machines
of this type have been of the greatest value to the Roval Fly-
ing Corps.

The National Physieal Lahoratory has turned over ample
space for the exclusive use of the Aeronautic Committee, com-
prising a large and small wind tunnel house, a whirliug table
house and ample space for any independent investigations.
The small and large wind tunnels are of similar character, one
4 and the other 7 feet square in eross-section. Each is mounted
in a separate building, the smaller being inclnded in the engi-
neering laboratory huilding. ¥or details of the small tunnel,
reference 1s made to the deseription of its duplicate in the
Massachusetts Institute of Technology Laboratory. The new
7 foot tunnel only differs from the 4 foot in its dimensions and
power. It is 80 feet in length with an air tlow ot 60 feet a
second produced by a low pitched four bladed propelier driven
by a 30 horse power electric motor.

A great amount of time was spent in experimenting with
this forin of tunnel before the committee was satisfied with
the results. They have the deep satisfaction of knowing that
the artificial wind produced by it, is the most uniform in the
world and adaptable to the most scientific research. The cur-
rent is uniform in velocity, both in time and spaece, to within
one-half of one per eent. The veloeity measurements and aero-
dynamieal balance will be deseribed in detail later. Tt suffices
here to say that they are as carefully worked out and results
obtained as gratifying as the wind tunnel itself. The work of
the committee has been extremely broad and the results are of
untold value to aeronauties. The whirling-arm and small
water channel, the former used in the ealibration of veloeity
instruments, the latter in the study of stream line flow, are
both examples of high engineering skill.

The Wind-tunnel of the Massachusetts Institute of Tech-
nology was built after a careful study of European Labora-
tories, on plans furnished throngh the eourtesy of the National
Physical Laboratory. Mamtained in connection with the
graduate course in aeronauties at the Institute, with the helpful
cooperation of Professor Peabody of the Naval Arechitectural
Department, and under the former directorship of Lieutenant
J. C. Hunsaker, U. S. N, the work has been of the most com-
mendable character.

The tunnel is housed in a temporary building on the new
Technology site in Cambridge, with offices in the main Insti-
tute building. Enelosed in a 20x25x66 foot shed, the tunnel
1s suspended in the center of the room. 6 feet from the floor,
so that ample space is provided for the free circulation of air.
The illustrations indieate the general form of the tunnel whieh
has an overall length of about 56 feet and a working section 4
feet square. The air which is drawn from the room around the
cowled entrance end passes through a honeycomb formed from
3-ineh metal conduit pipes 2 feet 6 inehes in length into the

experimental chamber. This honeyeomb helps to straighten
out the flow and prevent eddies in the wind.

The experimental chamber reaches from this boneycomb to
the expanding trunk, but only the section midway between
these points 1s utilized. The air after passing the model goes
through a serics of diagonal vanes and enters the expanding
trunk. Here the velocity decreases with an increase of statie
pressure. The expansion in 11 feet of length is to a eylinder
of 7 feet diameter. This cone expansion, in the English tunnel
is only 6 feet on the 11 foot length. By expansion the pres-
sure difference maintained by the four-bladed propeller is rc-
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duced and some turbulence in the wake avoided. The dis-
charge from the propeller is received by a large perforated
ditfuser with the end opposite the propeller a blank wall. The
funetion of this diffuser is to distribute the air into the room
at a uniform rate and at a very low velocity. This is indeed
accomplished for the area of the perforation in the diffuser is
several times that of the tunnel and when a veloeity of 30
miles an hour is maintained in the tunnel, the discharge from
the diffuser is hardly noticeable.

. A four bladed black walnut propeller of low piteh, revolv-
ing 600 r.p.n. will produce a wind of 25 miles per hour. The
propelier is driven by a 10 h.p. electric motor through
a “silent” ehain. The motor is mounted on a separate con-
crete foundation, as are likewise the aerodynamic balance and
the tumael proper, to avoid any variation in alignment caused
hy vibration. The scctional area of the tunnel permits of
models of 18 inch span and as an extreme 24 inch span, to he
tested at speeds from 6 to 40 miles per hour.

The control of the wind is by sentitive rheostats in the
motor field and wind speeds may be kept constant as in the
English tunnel to within one-half of one per cent. Measure-
ment of velocity 1s by means of a calibrated “side plate” in






Chapter II
Elements of Aerodynamical Theory

Liquid, Fluid, and Perfect Fluid

Both liguids and fluids may be defined as substances which
flow or are eapable of flowing. A liguid is incompressible and
therefore of constant density, a flnid is compressible and of
varying density. Thus water is eommonly spoken of as a
liguid, air as a fluid, yet the hard and fast distinetion is un-
fair, since water itself is slightly compressible.

In the transportation speeds employed in aeronanties, the
variations in pressure of the air, and the consequent varia-
tions in density are so slight, that the air may also be regarded
as inecompressible. Thus for a dirigible at a speed of 100
miles per hour the inerease in pressure at the nose is only
about one per cent. It is only at the tips of fast moving
propeller blades that the compressibility of air assumes any
importanee.

The motion of flnids is so complex that no complete mathe-
matical theory has yet been evolved for it. In hydrodynamies
the mathematicians have stipulated a perfeet fluid possessing
no viseosity. In such a fluid all bodies may move without
encountering resistance. Although the eonception of a perfeet
flnid may seem of no practical importance, yet hydrodynamical
theory serves as a guide in the theory of aeronauties and we
shall have to make occasional reference to this idea.

Density of Air

In setting forth data from the laboratories the air will be
assumed as having a temperature of 15° C. and a density of
.07608 lbs. per cubic foot at sea level.

Variation of Density of Air with Height

Height (ft.) Density (Ibs. per cu. ft.)
0 .0761
500 .0748
1,000 0734
2,000 0707
5,000 .0632
10,000 .0523
20,000 .0357

Principle of Relative Motion

We shall assume throughout without further reference that
the same resistances will be brought into action whether a body
is moving through a fluid or a fluid is streaming past a body,
provided the relative motion is the same.

This is an idea which often presents difficulties and is very
difficult of theoretical demonstration, yet it is merely a matter
of common sense. In La Technique Aéronautique of May
15th, 1913, M. Lecornu has given a very sound disenssion of
this point. We will venture a rough illnstration. Imagine a
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boat propelled through a river at rest at a speed of 5 miles per
hour. The oars will exert a certain force of propulsion. Now
if the river has a contrary eurrent of 5 miles an hour, the boat
will remain at rest relative to the banks, yet exactly the same
force will be exercised by the oarsman. There is really nothing
more to be grasped underlying the principle of relative motion.

Bernouilli’s Theorem for Fluid Motion

In the steady flow of a fluid the current at any point is
always in the same direction and magnitude and may be rep-
resented by a series of stream lines, or by tubes of flow.

The energy of a fluid consists of three parts: (1) The po-
tential energy, or the energy due to its position of height
through which it may fall, (2) The pressure energy, (3) The
kinetic energy due to its motion, neglecting the effects of vis-
cosity or frietion. Bernouilli’s theorem states that along any
stream line, the sum of these energi?as is a constant, and if

g = aceeleration due to gravity
h = height

p = pressure

I” = velocity

¢ = density*

2

B+ gp -+ P e constant

In considering air flow in aeronautics where we deal with
a fluid ocean of immense depth, the variations in height are
neghigible, and the theorem becomes:—
v?

29 — constant

p
P+
The theorem is of fundamental importance in aeronauties;
its proof will he found in any text-book on hydrostaties.
This equation may also be written in the following usefnl
form. by multiplying both sides of the equation by ¢:

»+ ;g—- — constant

Total Energy of a Fluid Applied to the Theory
of the Pitot Tube

The Pitot tube, so frequently employed in aeronauties to
measure the speed of a machine in aectual flight, furnishes an
excellent illustration ot the prineiples just set forth. In Fig.
1 is given a diagram of such a tube.

Its main funetion is to measure the veloeity of flow for »

* (p)° is uscd for Density to prevent confusion with D for Drag
and to conform with standard usage.
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steady irrotational tlow of air, and it is unsunitable for meas-
uring the veloeity of turbulent flow, sueh as that oceurring in
the vieinity of a fan to give an example.

In practice the Pitot tube is finely rounded so as to give
the least possible disturbanee to the air flow. Ii eonsists of
two conecentric tulhes. The inner one is open to the wind, the
outer tuhe is elosed to the wind and is only connected to the
surrounding air hy a series of' fine holes. The tubes nre con-
nected to the two urms of a pressure gange as shown in the
figure, and the gauge measures the difference in pressnre
between them.

The inner tube, apen to the wind, brings the air impinging
on it to rest, and the pressure in it is therefore a measure of
both the statie pressure in the stream and of the kinetic energy
head of the stream. If p is the statie pressure of the stream,
I the velocity, the total pressure will be given by

p¥?
p+§

The outer tube, on the other hand, being closed to the wind,
will, if the holes are small enongh to prevent veloeity having

2 Holes al Tronl & back
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Definition of Angle of Ineidence, Resultant Pressnre,
Lift, Drag and Center of Pressure in a Plane or
Cambered Wing Seetion

Whether for a plane or a eurved wing seetion, the angle

L
{Ima/(lav{
= S
Line of wind/
Fig. 2. Larr, DraG, AxGLE or INCIDENCE. axD CHORD FOR

I°'LAT PLATE,

of ineidence is defined as the angle ¢ expressed in degrees, be-
tween the relative wind and a line in the supporting surface,
termed the chord. In the case of the flat plate, this line coin-
eides with the face of the plate and is physieally justifiabhle
sinee when the faee of the plate coincides with the relative
wind. there is no sustaining foree or lift on the plate.
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. . eoineides with the relative wind there is lift
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22 ¥ 1 i /'3 - g ) Owing to the relative motion of the air,
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any effeet on its pressure, read tbe static pressnre of the air
flow.

Hence the difference in pressures read on gauge will be

o¥?
29
and will therefore be a measure of the veloeity.

We shall discuss the methods employed in connection with
the Pitot gauge more fully when dealing with lahoratory
methods, but may state now the resnlis of reeent experiments
as snmmarized by Dr. J. C. Hunsaker:—

1. The preeision is one-tenth of one per eent.

2. The open tube correetly transmits the total pressure
regardless of size or shape.

3. The nose of the combination tnbe must be of easy form.

4. The static openings should be elean holes from 0.01 to
0.04 inehes diameter.

5. Statie opemngs shonld be well back from the nose of
the instrument on a polished eylindrieal portion of the tube.

6. Statie openings may be from 4 to 24 in number ar-
ranged in an arbitrary manner.

7. The tube should be pointed into the wind, but an error
of two degrees n alignment will caunse less than 1 per cent
error on velocity measurements,

’

the wing experiences a resultant pressure
which we will designate as K. This resultant is very nearly
normal to the faee of a flat plate, hut it is quite wrong to
state that it is exaetly at right angles to this face. The re-
sultant foree R may be generally resolved into two eom-
ponents; one at right angles to the relative wind, whieh is
termed Resistanee or Drag (1). Drag will be nsed instead
of the term drift, whieh unfortunately is eapable of misinter-
pretation. The component at rvight angles to the relative
wind, L, may aet npwards, giving Positive Lift, or downwards

Line of Chord -
Wind

1. 4. Larr, Drac, ANGLE OF INCIDENCE AND ('HORD FOR

CAMBERED SURFACE,

wiving Negative Lift, depending on the position of the sur-
face relative to the wind.

The 1ift measures the sustaining power, the drag the re-
sistance to Forward motion. The tangent of the angle hetween
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the R and D gives the ratio L/D, lift over drag. The greater
the value of L/D the greater is the path efficiency of the sup-
porting surface.

The center of pressure will be arbitrarily defined as the
point of application of the resultant force R on the plane of
the wing chord. This is by no means a rigid definition.

Definition of Lift and Drag Coeflicients

We shall employ throughout the following notation:

Lift = L = K,AV* Resistance or Drag = D = K.AV".

Where L and D are in pounds, 4 — area in square feet of
one surface projected on the line of chord, and V = veloeity
m feet per second, K, and K. will represent forces for unit
areas and unit velocity. We shall see later the justification
for these expressions.

Position of Center of Pressure or Resultant
Vector of Forces

It has beecome customary in Aerodynamies to speak of
Centers of Pressure, and it is very often convemient to em-
ploy this term. But it would be much better to speak of the
position of the resnltant vector of forces, a vector being a
line representing a foree in magnitude and direction. ¥or a
flat plate or a cambered wing section, the term center of
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Fi16. 5. TLLUSTRATING PosiTioN OF VECTOR OF RESULTANT

FORCES.

pressure might answer fairly well, but for a combination of
wing snrfaces, as in a biplane, or for any kind of airplane,
it is very unsatisfactory. Thus as in Fig. 5 for certain angles
the resultant force passes right outside the wing surface, and
to speak of a center of pressure in such a case 1s meaningless.

It is also often stated that the stability of a wing depends
on the motion of the center of pressnre with reference to
the center of gravity. The moment about the center of grav-
ity ean be more correctly stated as depending on the position
and direction of the resultant vector of forces. If current
practice leads us to speak of center of pressure, the reader
will always bear these considerations in mind.

Forces on a Flat Plate Immersed in a Flnid and Normal
to the Direction of Motion

Newton was the first to consider the ease ot a flat plate placed
normal to its direction of motion. He stipulated a medinm
composed of an infinite number of small particles, having no

sensible magnitude but possessing mass, and not intercon-
neeted in any way. A plate of area 4, moving with a velocity
I in a medinm of density ¢ would meet a quantity of fluid
tAYV and impart to this quantity a velocity ¥ per unit of
time.

From the fundamental equation in mechanics:

(mass acted upon) X (velocity imparted)

Force =

Time
we should derive the equation:
7 2
BARAT N 7 2 KD
g9 g

Similar reasoning from the Principle of Relative Motion
would apply were the plate held at rest, and the fluid im-
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I'16. 6. MotioN NEAR A Frat PratE NorMAL TO THE WIND
pinging on it. The force as derived from aetual experiment
is considerably less than this.

But Newton’s theorem is obviously ineorrect, no aceount be-
ing taken of the action at the back of the plate, or of the com-
plicated interaction between the particles, or of the formation
of eddies and whirls. The photograph in Fig. 6 gives an idea
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Fic. 8

Fic. 7

Diagrams ILLuSTRATING FrLuip MotioN AND PRESSURE Dis-
TRIBUTION ON PLATES NORMAL TO THE STREAM

of the complicated actions which take place. These are repre-
sented diagrammatieally in Figs, 7 and S.

From a econsideration of Bernouill's Theorem it will be
seen that the pressure in front of the plate will become greater
than the statical pressure of the stream. At the back of the
plate, owing to the considerable velocity of the eddies or
wlirls, we can say again from a consideration of Bernouilli's
equations—that the pressure will be less than the statical
pressure. It is to the difference in pressures front and back
of the plate that the resistance is due. Fig. 8 represents
roughly the distribution of pressure on either side of the
plate.
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Chapter III
Elements of Aerodynamical Theory—Continued

Skin Friction

Skin frietion may be defined as the total resistance of a
thin plate meving edgewise through a flnid, and is duoe te
two components:

(1) Viscosity resistance
(2) Density resistance
which we shall consider in turn.

In some respects skin friction is a misleading term. We
shall see shortly that the skin of a body bas nothing to do
with the resistance, a moving body being cevered with a layer
of flnid at rest. Its usage, however, has been sanctioned by
time.

Viscosity

Real fluids like air and water offer a resistance te shear,
which is a measure of their viseesity.
Let us imagine two horizontal planes, one of which, 4B,
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Fra. 12. ViscositTy ActioN FOR THIN SURFACES.

is at rest, as in Fig. 12, while the other, €D, is dragged past
with a veleeity V, with the viscous substance intervening, the
distance between the two plates being c.

Partieles of the substanee nearest to €D will adhere te it.
Other particles will be earried along te the line yyyyy a con-
stantly decreasing amount zy. If I is the horizontal force
per unit area required to drag CD, it is obvious that it will
be proportional to some constant dependent on the nature of
the substance and on the velocity gradient. .

We may then write

i
F =up - where p is some constant.t
8

It V and ¢ are unity

I = p and p becomes the coeflicient of viscosity.

The simplest ease of visecous drag is that of a thin plate
moving edgewise through a fluid. Length is ! and breadth b.
There will be a thin boundary of fluid of thickness a which
conneets the particles adhering to the body with the particles
at rest in the fluid. This layer will eontinnally lose and gain
fluid as it is'rubbed off. In unit time a mass of flnid propor-
tional to the eross seetion of the layer, (ba), and to the veloe-
ity, will be captured and have its veloeity partly destroyved.

T 1 is Greek letter mu.

27

The inertia force required for this change of mementum will
therefere be propertienal te

(pab V) Vorpab V*
The viseous drag must be equal to this inertia force; and is

v
itself proportional to p (bl) X — by the definition given
: a
above. And if
14 ul

v (b1) —~pab V2, then, a ~ 7

oV
The viscous drag therefore is proportienal te p (bl) V \I?—Z
jix

-5 ‘pr 1.5

ortou”bl”o

Cocflicients of Kinematic Viscosity

To represent the relative importance of density and viscesity
a coefficient
®

Y =
P
is employed, known as the coefficient of kinematic viscosity.
Substitnting from this equation in the expression for viscons
drag we obtain
F,\, v 5 blb QP—! 5
whieh may be expressed in the more practical form
. Rv = (lvﬂ -5A‘0 ~75V‘l i
where R, = visecous drag
d = censtant
A, = area in shear
A, is equivalent to bl dimensionally.

Reynold’s Number

It is interesting to note that the thickness ef the boundary
layer

The expression
l Vi
« N7y
will be of use in comparing resistances for similar bedies in
the same fluid.

It is known as Reynold’s number and expresses mathe-
matically a relationship between velecity linear dimensions
and viscosity. We shall have frequent occasien to refer to it
in comparing resistances of stream line bodies, rods, wires
and so forth.

Prandtl’s Theory of the Boundary Layer

The theory of the thin bonndary layer is due to Dr.
Prandtl of Gottingen, his hypothesis being that the velocity
gradient is at first very steep but flattens eut quickly, until
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in the free stream the velocity gradient hetween stream lines
is negligibly small. Elaborate experiments by Dr. Prandtl
bear out this theory, and demonstrate that the viscous drag
does indeed vary as V'7,

Dr. Zabm’s experiments on skin friction on the other hand
have showu that for even surfaces, bodies covered with such
widely varying substanees as dry varnish, wet varnish, water.
sheet, zine, ete., all experience the same frictional resistances.
It seems therefore reasonably safe to assume that viscous
drag is due to internal fluid frietion and not to the sliding
of the fluid along the surface of the solid.

Density Resistance to a Plate Moving Edgewise

For exceedingly small velocities, it bas been found that re-
sistance varies as V' indieating purely a drag due to shear
(Stokes). For small velocities experiments by Allen have
shown a resistance varying as 1" indicating the eondition
of viscous drag which we have developed in the preceding
paragraphs. But for the velocities with which we are con-
cerned the resistance of a thin plane surface moving edgewise
increases as some higher power of ¥. This is probably—
although it is impossible to state the exact cause—due to the
fact that the viscous drag not only imparts translational
velocity to the particles which adhere to it in the boundary
layer but the boundary layer acting as a species of gearing
also gives some eddying or rolling velocity to particles adjacent
to this boundary layer. It is a commencement of turbulent,
eddying motion. As such this extra resistance is proportional
to some area A of the body, and to the velocity V, squared.
and is termed density resistanee and

Ry = KAV?
where K is a constant tor the flnid.

-

Total Skin Friction.
Total skin friection = Ry = R, + R,

Dr. Zahm's Experiments

AND DATA

Amongst other applications. Dr. Zahm’s formula may be
used to compute the resistance of flat rudders, elevators, and
stabilizers when neutral to the wind. In Fig. 13 eurves for
the resistance of plates of various area at varying speeds
have been plotted, to facilitate sneh computations.

Dr. Zahm's skin friction experiments are deseribed in Bul-
letin, Vol. xiv, pages 247-276, of the Philosophical Society
of Washington, June, 1904. The plane was suspended in the
wind tunnel as shown in sketeh in Fig. 14, with wind
shields at ecither end so as to give purely tangential foreces.
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Fi6. 14. AwraNGEMENT OF THix PLATE 1x WixD TUNNEL IN

Dr. Zanx's EXPERIMENTS.

As the wind friction moved the plane edgewise the displace-
ment was determined by the motion of a sharp pointer at-
tached to one suspension wire and traveling over a fine seale
lying on the top of the tunnel, and hence the forces were de-
duced. A variety of shapes and surfaces were tried.

Curves for Computations with Dr. Zahm’s Formula
TABLE 1.—SKIN FRICTION RESISTANCE

= viscosity resistance -} density resistance Speed Area sq. [t)
Strietly speaking if B. ~ V' and R. ~ V7 no one espression 's':jf;n%' : |
with V' raised to a power n ean satisfy this expression. But L S IS o B Gl [
T | [ . .0046 | .020 | .039 | .066  .074 | .091| .108 | .124
) =
o8 B Zeooh ot . o S .0078 | .035 | .067 | .007  .127 | .15 | .183| .210
’ once on Trin Fiat | P’ % .0119 | .033  .101 | .147  .193 | .240  .280 | .320
Plates of Vorwus YV 60
po Areas Unls:Lbs Wil — 0165 | .074 | .141 | .200 @ .270 | .330 | .300| .450
MM/ SN “” g )
E PRAC S8 (LA //%% — o | .009  .189 ' .280 = .360 | .440 | .520 | .610
g | //9/ 028 | .127 | 240 | .350 | 460 | .570 | .670 | .780
&”’n >z 90 .036 | 130 300 | .440 = .580 | .710| .840 | .970
e f 5 o =
§ = 100 .043 | .192 | .370 | .530 @ .700 ! .860 | 1.02 | 1.18
120 060 | 270 | 510 @ .740 | .970 |1.19 1.42 | 1.65
> =
TABLE 2.—ZAHM'S FORMULA
| 5 - . & 20 R =0.0Q00167 A0.93 V1.8, V"= iles per_hour
Speea — — — - P — -
Fie. 13. Skix Fricriox Cuarr |
Speed [ Area (aq. [t.)
for practieal purposes the resnlts of Dr. Zabm’s valuable ex- (u;]ilel = l ¥ l By
. . . our, 3 n
perimenta have been accepted, bis formula being: ' ‘ . l e ‘ i -~ » I Py L
h - 08 yel.08 | ‘
. ki —0-0(')000“81 L 30 0094 | 041 | .080 | 114 151 186 .220 | .250
w =3 t tt '
ere l‘(’\]St{ln'('C f'or one side o'f bqqrd 10 L0159 | .071 | 137 | .10 260 | .320 380 | .430
1 = length in direction of wind in feet :
e 50 024 | .108 | .210 | 300 380 490 .570 .650
b = width in feet —
2 e ] 00 034 | .151 | .200 | 430  .350 | 670 | .S00 920
1" = velocity in feet per second. :
s 2 . x : 7 6| .8 . 8701 .7 9 WEE:
In the British Technical Report of the Advisory Committee 4 ool R oy ! e L
for Aeronauties. 1911-1912, p. 34. an alternative form of __ % 1T ) 000 (AL L AR SR ) D
equation has been submitted, so ns 1o make the equation con- % 073 | 320 | 610 | 9007 1.15 |, 145 | 171 |1.98
100 88 390 | 750 108  1.43 | 1.75 | 206 2 41

sistent with the principles of’ dynamic simlarity:
It = 0.0000082 4, 1"

where A, = area of one side of the board 1 square feet.

In Fig. 13, the skin friction resistance in lbs. per square foot
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is plotted against the speed in miles per hour. Since the re-
sistance inereases less rapidly than the area, separate curves
have been drawn for several different areas, and the force
per unit area on any other surface can be found by interpola-
tion. The cnrves were plotted by medifying Zahm’s formula:

R = 0.0000082 4 y**

where V7 is in feet per second. To throw this into mile hour
units it was necessary to multiply by (Z)'™, or 2.04, giving

R = 0.0000167 4 V'™
In Tables 1 and 2 similar data has been given for speeds ir

feet per second and miles per hour.

Turbunlent Flow, Eddy or Density Resistance

We have already seen in the case of a flat plate normal to
the wind that the resistance was due to a region of turbulent,
eddying, low pressure behind the plate. This resistance varies
as o M1°

where .1 = area 11 normal presentation
- 5 = density
V = velocity.
It will be assnmed for the time being that wherever there is
a region of turbulent, eddying flow, there will be a density
resistance
P~ AT

A fairly complete demonstration of this has been given

by a French author.

Comparison of Forces Acting Upon Similar Bodies. The
Importance of Kinematic Viscosity and the
Reynold’s Number

For the compavison of forees acting on similar bodies, a
knowledge of the geometrie proportions and of the wind veloe-
ities iz insuflicient. The density of the fluid, the viscosity and
hence the coefficient of kinematie viscosity, and the compressi-
bility of the fluid all enter into the complete comparisons.

Compressibility, we have seen, may fortunately be neglected
in all aerodynamieal work.

For bodies in whieh the resistance is purely of a density
or eddy making naturec—as in the case of a flat plate normal
or inclined to the wind, and as we shall see subsequently in
the ease of a wing section at large angles—viscosity does not

enter into consideration, or is of so small importanee that it

In suech ecases
BR~17

may be ncgleeted.

where .t is the arca of one face of the plate. comparison be-
tween two bodies such as a full sized wing and its model be-
come extremely simple.

But for stream line bodies such as struts, cables, wires, and
eylinders the resistance is componnded of density resistance
and viscosity resistance in varying proportions.

Viseosity resistance depends, as we have seen, on velocity,
linear dimensions and the coefficient of kinematie viscosity.
For sueh bodies therefore the resistance must be expressed in
a form involving these variables, and by the principle of
dynamic similarity it ean be demonstrated that

Bes gl = e

Y
where f is some unknown funection and I* is of the same di-
mensions as _t. The ¢ I T brings out the density resistanee.

w L TR St
f(vu)the viscosity resistance; since —= the Reynold's num-
v

ber r, we ecan write
P MR = (7))

The reader will now appreciate the importance of the Rey-
nold’s number in comparing the resultant forees on the above
mentioned bodies.

It is quite incorrect to compare such bodies, making allow-
anee for variation in I and 7* only nuless the Reynold's num-
ber is the same for the two bodies under comparison.

In practice it is very rare that comparisons of forees
are made with reference to two different fluids. We are al-
most solely concerned with bodies in air. The coefficient of
viscosity becomes a constant, and instead of considering the
Reynold’s nnmher, we ean drop the v and compare bodies
having the same produet IV,

Stream Line Bodies

A stream line body may be defined as one which has a
gradual change of curvature along any section, and which
when moved through air or water at ordinary speeds makes
little disturbance or turbmlent wake. Such a body moving
in a viseid fluid would experience mostly frictional resistance.

Energy Considerations for a Perfect Fluid Flowing
Past a Stream Line Body

Tt is most nseful to have a definile idea of the exchange of
energy whieh oceurs in sueh a ease. The first freatment ap-
pears to have been given by W. Froude.

Imagine the fluid in the vieinity of the body to be divided
up into a large number of imaginary tubes of flow. Well
ahead of the hody where the stream is as yet undisturbed the
energy of the fluid will be that due to the static pressure p, of
the stream and the kinetie energy head of I .. the undistnrbed
veloeity. In a perfeet flnid this will remain a eonstant along
any tube of flow by Bernouilli's theorem, and is equal te

Do 1 3D ¥
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of flow widen out, the velocity and the kinette encrgy head
diminish and the pressure on the body hceomes greater than
the statie pressure p,. The nose of the body therefore does
work upon the fluid in contact with it. This is also evident
by eonsidering the effect of curvature and the eentritngal foree
resulting from it. For the portion M the tubes erowd together.
the velocity inereases and the body is under the action ot a
pressure less than p,—it is really under suction and the fluid
docs work on the body. By similar reasoning it ean be shown
that the portion N the body works npon the fluid, and for
the portion P, the fluid works upen the body. The balanee of
work done on the hody is thus found to be zero.

Stream Line Bodies in a Viscous Fluid

At slow speeds in water almost perfect stream line motion
has heen observed and reeorded by Dr. Ahlborn (sce Fig. 16).
But at ordinary speeds, even with stream line forms, there is
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K16, 16. MOTION AROUND A STREAM LINE Bovy.

always a region of turbulenee and eddying motion such as we
have already observed in the case of the flat plate, aeeom-
panied by a surfaee of discontinuity between the main stream
and the turbulent region. The eddying motions are in part
due to pressure differences in the undisturbed stream and the
region bebind the body, in part due to viseosity. The exaet
theoretical investigations of the causes at play are unimportant
from the designer’s point of view. It is more important to
notiee that just as in the case of the flat plate, this turbulent

It is obvious that the resistanee will be partly due to viseos-
ity over the front part of the eylinder, and partly due to eddy
or density resistance. The forees in action will therefore be

Fic. 19.

Frow Arounp A CYLINDER,

represented as previously stated by an expression of the form

¢ LVf(r).
And two wires or eables will only be eomparable when r is
the same for both, or simply when the produet IV is the same.

Fluid Motion Around Wing Surface

It is te Langley, above all other men, that we owe an appre-
ciation of the value of eambered surfaces. A good wing sec-

big. 17. FLOW FOR A DIHORT STRUT.

region will be a region of low pressure and will introduce a
density or eddying resistance.

This density resistanee for a stream line body may be said
to inerease with the exient of the turbulent region. Thus in

116, 18. FLOW FOR riINE DTRUT.

Figs. 17 and 18 depicting two standard struts, the finer strut
has a smaller turbnlent region and considerably less resistanee.
On the other hand, as the fineness ratio, or the ratio of length
to maximum thickness, of a stream line body inereases, the
area in shear and the viseosity drag increase also; the fineness
ratio must be kept within reasonable limits even from a purely
aerodynamie point of view.

Resistanee of Wires, Cables and Cylinders

Fig. 19 represents diagramatieally the {fluid motion round
a eylindrical body, such as a wire or eable, at usual airplane
speeds.

16, 20, PLOW POR A CAMBERED WING AT 2°.

tion may give a lift-drift ratio of 18 as eompared to the

6 or 7 of a flat plate, and it is the remfjrkable eflieieney of a

wing surface which has largely rendered aviation possible.
In wing surfaees, we reeognize two distingt types of ﬂg\\'.

. For the small angles up fo 6° or thereabotts a steadv flow as

shown in Fig. 20 for a typieal airplane wing. At this angle—

riu. 21,

ILOW FUR A CAMBERED WING AT LU7.

often termed the first or lower eritieal angle, turbulenee begins.
At 10°, as shown in IMig. 21, this turbulenee is quite eonsider-
able. Finally a second eritieal or “ burble point” is reached
at 18° for the same wing. 1lere an extremely turbulent type of
motion, as shown in Fig. 22 is found, and the lift of a wing
attains its maximum. Deyond this “ burble point ” the motion
becomes exiremely unsteady and the lift deereases.
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The lift of a wing, as experiment shows, varies direetly as
o AV?, with a different coefficient tor every angle of incidence.
Where turbulent flow is present this is readily explainable,

Fra. 22. Frow ror a Camperep WiNg ar 18°,
as in the ease of the flat plate, on the hypothesis of low pres-
sure region at the baek of the wing.

It is the lifting power at small angles and in a eondilion
of steady flow that offers theoretieal diffieulties. The most
likely explanation is offered by Kutta’s theory or the vortex
theory of sustentation., We shall reserve the full treatment

6. 23.  ArroppaNe WING wimil TRAILING VORTICES.
of this theory also to a speeial artiele, eontenting ourselves
with the barest outlines:

An airplane wing in steady flow gives off a series of trail-
ing vortices as depieted diagramatieally in Fig. 23, These
vortices are eonstantly destroyed and renewed. The eirenlar
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motion in these vortiees and their interaction is sueh that—
as the hydrodynamieal theory demonstrates—they have a
downward momentum, and aetion and reaetion being equal,
the airplane wing reeeives an upward momentum.

The drift or drag of a wing is for all praelieal purposes
taken as varying dirveetly with 4717 with a different co-
efficient for every angle of incidence.

At high angles of incidenee, the drift is almost entirely
a eomponent of the density resistanee, and we see that what is
taken to be the ease in practice, is also theoretieally eorreet.
Bnt at small angles and steady flow the resistance is more of
a viscous nature, more akin to skin friction. And skin
frietion, as we lave already seen, varies as 1", and depends
also on the dimensions of the body. This introduees eon-
siderable diffienlties, as we shall see later, in eompnting re-
sistanee in actual flight from small model experiments at low
speeds.

As to the form of wing giving the best results, no general
laws are yet available, and each type of wing mnst be eon-
sidered separately.

This seetion eonstitutes but a brief introdnction to aerodyn-
amieal theory, but will perhaps assist the reader in the ap-
preeialion of the extensive aerodynamieal data whieh we shall
present later.

References for Chapters 2 and 3

A Review of Hydrodynamlcal Theory as Applied to Experimental

\erodvnnmlcs.” AWy IIunvikm International‘ Iinglneerlng Congress,
Ran Franclseo, Sept., 1415, An nutlmntatlve and advanced troalment g
conmlnlng numerous references for further reading.

“ Aerodynamics.,” F. W. Lanchester (Archibald Coustable & Co.,
Ltd., London.) A \aluable classieal treatlse.

“The Aeroplane,” A. Fage (Griffin & Co.. London).
tlﬁc study, excellent In matter and presentatlon

‘ The Aeroplane * 1. O'B. Ilubbard, J. H. Ledehoer, and C. (C,

Turner (Longmans, Green & Co,, London) An elomentury text hook
of the principles of dynamie flight, snitable for beglnners.

** Leitfaden der Flngtechnik,” S, Huppert (Springer, Berlln).

“Wind Resistance of Some Aevoplane Struts,” Booth and Eden.
Techuleal report of the (Britlsh) Advisory Cominittee for Aeronautles,
1911-1912, No. 49 (Wyman & Sons, Ltd., London).

> Invest]gatlou by Visual and Photographlc Methods of the Flow
T'ast Plates and Models,” Eden. Brltish report, 1911-1912, No. 58.

“ I’hotographle Investigation of the Flow Round a Model Aerofoll,”
Relf. Dritlsh report, 1912-1913, No. 76.

These papers In the Brltish report contaln some beantiful and In-
structive photographs,

A conclse scien-
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Angle of Incidence.

Fi6. 3. Lirr COEFFICIENTS FOR RECTANGULAR FLAT PLATES OF VARIOUS

AspecT RATIOS

TABLE 4.

DISTANCE OF CENTER OF PRESSURE FROM LEADINO EDGE, MEASURED IN
TERMS OF CHORD, FOR RECTANQULAR FLAT PLATES OF VARIOUS
ASPECT RATIOS.

AR, =21 A.R.=3. A.R.=6. _ A.R.=1/3. A, R.=1/6.
Dist. Angle. Dist. Apgle. Dist. Angle. Dist. Angle. Dist. Angle.
12 .8 .233 5.0 267 3.0 167 3.0 289 25
J6 1.0 267 1.8 .300 8.0 267 5.0 311 1.5
a8 - 2.0 .300 10.0 .333 10.0 283 6.8 323 105
.20 2.8 .333 12,0 367 122 .300 10.8 334 19.0
F228 538 .367 13.8 .400 26,0 317 115 345 490
.24 65 .400 175 .433 54.0 .333 30.5 356 52.0
.28 13.0 .433 52.8 467 73.7 350 45.0 367 635
.30 15.3 467 73.7 500 90.0 .367 47.8 378 56.2
.32 18.0 500 90.0 .383 350.2 389 58.0
.34 210 400 52.5 400 59.5
.36 25.0 417 54.3 411 60.0
.38 28.0 433 56.5 .422 63.0
40 335 450 635.0 .433 64.0
42  39.0 467 T7.8 444 685
44 55.2 483 835.8 455 725
.46 73.5 300 90.0 466 80.0
48 84.0 477 840

488 815

300 90.0

In Fig. 3 are plotted values of K, against angle of incidence
for various aspeet ratios. In Fig. 4 the same treatment is
applied to the L/D ratio.

In Fig. 5 are indicated the positions of the center of pres-
sure for varions aspeet ratios and angles of incidence. In Fig.
6 the directions and points of application of the resnltant
forces are indicated for a flat plate of aspect ratio 6—the
value which is usually employed for purposes of eomparison
—in order to give the reader a more graphic idea of the
forces at play.

In all these values it may be noted that no allowance is
made for possihle variation in the coefficients with size of
plates, and this is probably accurate enough for all practieal
purposes.
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Preliminary Application of Data for Flat Plates in
Rudder and Elevator Design

These curves and tahles give fairly complete data for flat
plates and are likely to meet all the requirements of design.
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It may be useful to indicate a few salient points, and to make
preliminary reference to the design of flat rudders and eleva-
tors.

(1) For plates of all aspect ratios when turned from zero
angle, the lift increases until the eritical angle or * burble
point” is reached. Beyond this angle the lift rapidly de-
creases, and no rudder or elevator should be employed beyond
this eritical angle.
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(2) The lift drag ratio is not much improved, for flat plates
at the same angles, by increased aspeet ratio. For all plates
the ratio reaches its maximum value at small angles, 6° or 7°.
At angles still smaller it deereases, due to the predominating

\N N

F10. 6. D1acraM SHOWING DIRECTION AND POINT OF APPLI-
CATION OF RESULTANT FORCE IN A RECTANGULAR FLAT
PraTeE oF ASPECT RaTiO 6 AT SMALL ANGLES OF INCIDENCE

effect of the skin frietion. Plates of large aspeet ratio, being
more sensitive at small angles, are, on the whole, more eflieient
in flight.

(3) On the other hand, plates of small aspeet ratio have
the eritical angle much later and give a wider range of aection.
They also give a much higher lift at the eritieal angle, which
is important in the action of the rudder when “taxying ™ at
low speeds on the ground.

(4) For the elevator, whieh is more constantly used in the
air, and from which great lifting power is not required on the
ground, an aspeet ratio of three seems a fair compromise.

(5) For the rudder, the above considerations seem to indi-
cate an aspect ratio of one or two as advisable.

(6) It should be noted that, as the angle of ineidence is in-
creased, not only does the foree inerease, but also that from
the point of application of the resultant force to the hinge,
giving a greatly increased moment about the hinge. If ecither
the elevator or the rudder is placed too near the wings it
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necessitates large areas for the eontrolling surfaces, and the
pilot may have to exert tremendous foree at large angles.

(7) To obviate the necessity of exercising large forees on
the controls, it is possible to use a balanced rudder; one in
whieh the hinge is placed ahout in the position of the center
of pressure at small angles. The rudder in Fig. 7 is a balanced

rudder. It should be noted tbat the * balanee” is only ap-
proximate.

Problems on Flat Plates

A rectangular flat plate 4 feet 9 inches high and 3 feet 3
inches long is employed as a rudder, and is placed with its
leading edge at a distance of 18 feet from the center of grav-
ity of the machine. The machine is traveling at G0 miles an
bour. The rudder is hinged at the leading edge, while the
control leads are one foot from the rudder surface. (See Fig.
8.) Find (a) the frictional resistance of the rudder when

a'2'x 4'.9"_.-:'_T

& =l o=y

Rudder Neutral

Control
Leads ,
Rudder Hing
0032 &

Centre of Pressure

I'16. 8. Rupbkr FOor PRrROELEM ON T'LAT PLATES. RUDDER 1S
UxnBaLancen aNp HiNGEp AT Leaping Epce

neutral; (b) its turning moment about the center of gravity
when set at an angle of 10° and its resistance at that angle;
(e) the tension in the control lead under the same conditions
as (b).

(n) The area of the rudder = 2 X 3V XX 434 = 30 square
feet. ¥rom Fig. 13 in Chapter 3, we sce that the frictional re-
sistanee on a surface of 15 square feet at 60 miles an hour
equals .0285 pounds per square foot. Thus the total frietional
resistanee = 2 X 15 X .0285 = .862 pounds.

(b) The aspect ratio of the rudder = 1.5. The distanee
from the leading edge to the center of pressure is given by Fig.
5. Interpolating between (AR, =1) and (A.R. = 3), we see
that the center of pressure on a plate of aspect ratio 1.5 at an
angle of ineidence of 10 deg. is .268 of the chord from the
leading edge. Thus the desired distance = 314 X< .26S8 = .85 ft.

The moment arm about the eenter of gravity longitudinally
(see sketch of machine) = 18 - .85 cos 10° = 18.84 fect.

The moment arm ahout the center of gravity laterally = .85
sin 10° = .14 feet.

By Figs. 3 and 4, K, = .00109 and L/D = 5.5. Then L, the
foree perpendicenlar to the line of flight, = K, A1 = 00109 X
15 XX (60)* = 58.9 pounds, and D, the resistanee,= L X D /I, =
ROL 10.8 pounds.

5.5

eauses a decided inerease in the resistance of the machine.

The above work gives ns a basis for rapidly computing
the turning wmoment. M = 58.9 X 18.84 4 10.8 X .14 = 1112
pound feet, taking the movements of hoth the lift and tho drag
about the center of gravity.

It will be seen that turning the rudder
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(¢) The turning moment about the leading edge of the
rudder = 58.9 )< .85 cos 10° -+ 10.8 XX .85 sin 10° = 51 pound
feet.

Moment arm of control lead = ecos 10° = .986 foot.

Then, since the stress in the control lead times the moment

arm must just balance the turning moment of the rndder about
159
its axis, tension in lead = Aly = 52.7 pounds

.986
General Considerations of Sustaining Power and
Resistance of Wing Sections

We have seen that the equation for lift is
L=K,AV*? (1)
where K, is a constant varying with the angle of incidence,
A = area in square feet, and ¥V = speed in miles per hour.
In horizontal flight, the lift equals the weight of the ma-
chine, W, and the equation becomes

W = EK,AV* 2)

which can be expressed in the forms
K= e (3)
LA @
4 = 2

as may be convenient. The lift coefficient is small at small
angles and increases at larger angles until the “buarble ” point
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or critical angle is reached, as ean be seen from the curve of a
standard wing section (R. A. F. ) in Fig. 9.

From these considerations may be deduced the following
ideas, which should hecome ahsolutely familiar to every stndent
of aeronauties:

A machine traveling fast will require, by equation (3), a
small value of K,, and lience a small angle of incidence. Con-
versely, flying slowly it will require a large angle of incidence.

Sustaining a given weight, we can vary angle of incidence
and either area or speed.

If we give a machine a large wing area, it will fly slowly.
With a small area, it will attain a high velocity if sufficient
engine power is available.

The drag equation is

D =K., AV* (6)

The higher the value of L/D, the smaller will be the drag
for a given lift and weight of machine at a given speed, and
the less will be the power required. The ratio L/D is therefore
a measnre of the wing efficiency. For the R. A. F. 6, the maxi-
mum value of L/D is at about 4° and at about this angle a
machine would fly at its greatest efficiency.

We have here neglected all other resistances than those of
the wings. These resistances will modify the drag equation
and the best angle of flight. We shall deal with these modifica-
tions under the Economie Laws of Flight.

Problem of Sustentation and Resistance of
Wing Surface

A monoplane weighing 2000 ponnds uses an R. A. F. 6 wing
section.

(a) What area will it require so that its lowest speed may
he 45 miles an hour?
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(b) What will be the drag of the wing at this speed and
what will be the Lorse-power required for the wing alone?

(e¢) Assuming that the parasite resistance (resistance of the
bedy, chassis, wires, struts, ete.) is 120 pounds at 60 miles an
bour, and that it varies direetly as the square of the speed,
what will be the total resistance and lorse-power required at
this speed?

(d) If the power delivered at the propeller is 100 horse-
power, what is the maximnm speed available?

(a) Let 4 = wing area
W = weight of machine
D = drag of wing
P = parasite resistance
R —total resistance = D - P.

From Fig. 9 we see that the maximum value of K, is .00309,

at 16°. Then, since W = K,4V’, and V = 45 miles per hour,

w 2000 )
A_ = —— = —— . S —
R, 00300 X (45)* 319 square feet.
(b) From Fig. 9, L/D at 16° = 6.8. Then D = 2(3(8)0 = 204
pounds. i

. 1 2 .
Since 375 horse-power is required to overcome a resistance:
S

of 1 pound at 1 mile per hour, horse-power = 24 =2&X—40

375 375
= 35.3 horse-power to overcome wing drag at 45 miles per
hour.

80 &5 -4






Chapter V
Comparison of Standard Wing Sections

The National Physical Laboratory has often been criticized
in the past for not stating, in spite of its voluminous reports,
what the “best” wing seetion is. There is no such thing as
a “best” section. There are very bad wing sections giving
abnormally high resistance and low lifting power; there are

oratories, German laboratories have done a great deal of
work with reference to propeller sections, and also have car-
ried out tests on wing shapes of a great many forms, but the
present selection is representative and sufficient for all prac-
tical purposes. When a designer wishes fo introduce slight
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sections giving high lift at big angles of inecidence, but toe
great a resistance at small angles, others giving a low maxi-
mum lift, but very suitable for high speeds; others give a very
stable motion of the center of pressure, but sacrifice aerody-
namic efficiency. The selection of any particular form depends
on the performance required of the machine in view.

As the result of several years’ praetice, modern machines all
tend to a few types of wings, althongh there are numberless
small modifications by individnal designers. We shall attempt
to classify and give data for what may be called Standard Sec-
tions, using the (pounds, per square foot, per miles hour)
system of units for foree coefficients.

Representative Wing Sections Selected

These have all been taken from the N. P. L. and Eiffel lab-

a

variations in the standard forms, it will be always necessary
for him to submit his variation to a special test, so that a eom-
plete collection of every form that has ever been submitted
to publication would be useless.

The sections we have selected are: R. A. F., No. 3, 4. 5, 6

and Eiffel 13 bis., 32, 33, 35, 36, 37. In Fig. 1 these forms are
represented on a uniform plan, with complete dimensions, and
values of camber. The camber of the upper surface is defined as
ratio of maximnm height above chord to chord length, and the
same definition holds for the lower surface. The hollowing out
of the lower surface, as we shall see later, has little importanee
—it seareely affects the Lift/Drag ratio or the angle of inei-
dence for the burble point, but it increases the lift abont 17
per eent at any angle when a plane lower surface is cambered
out to a eamber of 0.06. An inecrease in lift obtained in this

37
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way iuvolves a dangerous weakening of the wing. In Dr.
J. C. Hunsaker’s opinion, a decrease of eamber below 0.05 or
an increase of camber above 0.08 for the upper surface is dis-
advantageous in practice. Broadly speaking for the incidence
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giving maximum Lift/Drag ratio, the lift for upper surface
camber of 0.08 may be twice as great as for a eamber of 0.05,
but the Lift/Drag ratio is diminished by nearly 25 per eent.
We shall deal later with the effects of varying the position of
the maximum ordinate of the upper surface; the best position
for this maximum ordinate is about 35 of the cord from the
leading edge.

Complete Data Presented

In Figs. 2 to 8 are given curves for Lift, Drag, Lift/Drag
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and Center of Pressure motion for these wings. In Fig. 9 a
comparative table has been drawn up giving maximum Lift
eocflicients and corresponding angles; maximum L/D and cor-
responding angles; the angle of ineidence and the eorrespond-
ing L/D for a lift coefficient of value .00056, and also the value
of V for the tests from whieh these results have heen taken.
This is as complete data as the designer can possibly require.
The aspeet ratio for all these seetions is 6.

We shall deal later with the effects of variation of scale and
speed. At this point it is sufficient to state that whereas the
lift eoeflicient is unaffected by variation in the produet IV-
span of wing in feet times velocity of relative wind in feet per

THEORY AND DATA

second—the drag coefficient and the L/D ratio are both im-
proved by inerease in 1V7. The N. P. L. tests and Eiffel's tests
are unfortunately not eoncordant in this respect. Eiffel’s ex-
periments were made in a larger wind tunnel and at higher
speeds, aud if the same wing were tested at the N, P. L. and
Eiffel’s laboratory, the latter would give better results for both
drag and L/D. Sinee in an actual machine the product IV
will be very much greater than the values of either laboratory,
the full size performance will always be somewhat better than
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the one deduced from these experimental results, particularly
where an N, P. L. section is used. Employing the exaet figures
of our curves, the designer will be proceeding on a very con-
servative basis. Certain experiments of the N. P. L.—which
we shall deal with fully later—permit us to make approxi-
10ate eorreetions. These have been made in the last column

Tested by Eiffel

of Fig. 9.
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Poiuts of Interest in Considering a Wing Section

In discussing the merits of a section, there are so many
points at issue that it is only in an aetual design that it is
possible to enter fully into all. Study of the data submitted
will be of mueh more use if the following features are always
kept in mind:

(a) The maximum value of L/D, and the corresponding K,.

p——
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A machine in normal horizontal flight will generally be navi-
gated at the angle giving the best L/D ratio, which is there-
fore most important from an efficiency point of view. The
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value of the lift coefficient at the best L/D is of importance.
The greater the lift at this ratio the smaller the area of the
wing surface required for a given load. With a heavy ma-
chine, such as a flying boat, or an armored battleplane, a hig
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lift coefficient is essential. With a speed scout or a light re-
connaissance niachine, a small value of K, at best L/D is usual.
With a sufficiently powerful motor a small wing surface may
be used and a great speed attained.

(b) The maximum K, has a bearing on a number of points.

The greater the maximum K, the slower is the speed at
which a machine may land. If the maximum Kj, or simply
large values of K,, are accompanied by a good L/D ratio,
then the machine will be efficient and ready in elimbing—
though the hest angle of climb is by no means the angle of
maximum K, as we shall see later in considering the economic
laws of flight.

(¢) The maximum K, should occur at as high an angle as
possible, so as to give a big range, and possibility of a large
speed variation.

(d) The angle of maximum lift is termed the burble point,

00350 0091
LIFT AND ORAG L~
COERFICIENTS FOR /
VARIOUD WINGS TESTED
BY SiIrFfFEL /

VUMITS LOD. e 8o T / %
wohet 0036 MILES somm HE. /
00890, 0005 / \7 a/
/ / \’v
/ / ¢ / |
Ky
4 A
— [ | v/
/ /9
2
\ y\f‘
000, 000! / / No Sr?: "M’:'c':"
== ._“xmicﬂﬂ
1S 33 e
32 98 49
L1 35 % 20 .
e i
~4° -2 O 2° 4° &° & 10° 12° 14° 16° Iy
AnGLE OF INCIDENCE,
Fic. 8.

as we know, and also the “stalling ” angle. It is very im-
portant to consider what the shape of the lift curve is in the
neighborhood of this angle. If the lift past the burble point
falls off very rapidly, the pilot may easily stall the machine.
He may increase the angle of incidence too far and find his
sustaining power fall off dangerously. A wing with a flat
lift eurve at the hurble point will avoid such danger.

(e) The L/D ratio at small angles of incidence and small
values of K, determines whether the machine is really snitable
for high spceds. We have arbitrarily chosen K, —0.00086 as
the value of comparison, and it can be seen from the tables
how widely L/D varies at this point. A machine with good
maximum L/D and a high maximum K, might be totally in-
efficient at high speeds.

(f) The movement of the eenter of pressure is important at
low angles. If at low angles the center of pressure moves
steeply back towards the trailing edge, the machine will have
a tendency to “ dive,” provided for, of course, by fixed stabil-
izing surfaces on modern machines. If the center of pres-
sure remains stationary, on the other hand, as in Eiffel 32,
it will maintain its attitude at low angles, and will not tend
to dive even with small stabilizing surfaces and inefficient or
inoperative elevator. Similar considerations apply to “ stall-
ing ”’ angles.

(g) In addition to the separate consideration of these
points, there yet remains the appraisal of the wing through-
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FIG. 9 COMPARATIVE TABLE OF STANDARD WING SECTIONS
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out its performance. The designer must see how far one point
of excellency econflicts with other requirements; what the
range is. The ideal wing would give great lift and efficient
climb, high efficiency in normal flight, and high efficiency at
maximum speeds.

(h) A wing may be entirely satisfactory from an aero-
dynamic point of view, and yet fail to satisfy as regards
struetural requirements. In Fig. 1 is shown a typiecal arrange-
ment of the wing spars. It is important that the points where
the wing spars are likely to be placed, the wing should have
sufficient thickness to permit the use of reasonably deep spars
without exaggerated width. A wing may indeed have sufficient
thickness at two points for good spars to be placed, yet these
points may be totally unsuitable. They may be too near to-
gether, so that a weak overhanging construction or excessive
spar loading is the result, or too far apart so that too long
an unsupported rih section results.

There could be no better plan for the reader to whom the
subject is comparatively new than to go through all the wing
sections presented with reference to these eight points.

Consideration of a Few Sections in Comunon Use

We shall consider a few sections in this manner ourselves.

Take Eiffel 37, for instance. Its maximum L/D—the high-
est of any seetion considercd here is 20.4, occurring at —0.8°,
whieh is still a good many degrees from the angle of no lift,

though its eenter of pressure motion at this point is rapid. Its

maximum K, is small (0.00288), with a L/D of only 4.0. Such”
a machine would be unsuitable for heavy loading, but would be

excellent for a high speed racing machine, in which little vari-

ation in speed would be required. It wonld, however, have to

land at comparatively high speed because of the low maximum

K,. The struetural difficulties would be considerable, because

there is insuffiecient thickness in the wing for the rear spar.

Eiffel 32 is an excellent all-around wing. Its maximum
L/D, uncorrected for secale, is high 18.7. It has fairly good
values of L/D for high lift coefficients. Its eenter of pressure
motion is almost nil.

R. A. F. 3 has the highest.value of K, (0.00195) at maximum
L/D. Tt would be suitable for a heavy flying boat. At small
values of K, on the other hand, its L/D is very small. It
would be unsuitable at bigh speeds. Strueturally it is excel-
lent. \

R. A. F. 6 would also be a good all-around wing, not capa-
ble of sustaining the heavy loads of R. A. F. 3, or given the
high speed of Eiffel 37, but ecompromising usefully.

References for Chapter 5

= E)'f're] - “ Nouvelles Recherches Sur la Resistance de I'Alr et I'Avia.
on,

Britlsh Report, 1912-1913, No, 72, Report on the Results of Tests
of Four Aerotoils.




Chapter VI

Effects of Variation in Profile and Plan Form of
Wing Sections

As we have seen in Chapter 5, numberless variations are pos-
sible in the profile of wing sections. A slight variation in the
profile may, however, introduce considerable changes in the
aerodynamic properties of a wing, and necessitate a wind tun-
nel test. Experiments conducted at the various laboratories on
variations of camber, of position of maximum ordinate, on the
thickening of leading and trailing edges, and so forth, have
therefore rather a qualitative than a quantitative significance.
But the results obtained deserve attention, and may serve as a
guide to useful modifications. The most important of these ex-
periments are summarized here, and a fuller reference list is
appended.

Effect of Variation of Position of Maximmum Ordinate in
a Wing Section of Plane Lower Surface, and
Constant Camher 0.100 for Upper Surface

These experiments of the N. P. L. are mainly interesting be-
cause they indicate where approximately the maximum ordi-
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SECTIONS USED IN INVESTIGATING VARIATIONS OF
Posirion oF MAXIMUM ORDINATE

nate of a section should be to give the hest possible L/D ratio.
In Fig. 1 are shown a seleetion of three of the seetions

tested. They were all developed from one section hy altering.

the position of the maximum ordinate and compressing or ex-
panding the other ordinates to correspond. The Lift and
Lift/Drag eurves for these sections show econsiderable varia-
tions in values as ean be seen from the following table:

TABLE 1.

WiNG SecrioNs PLaNE LOWER SURFACE. TUPPER SURFACE CAMBER

0.100. TOsITION OF MAXIMUM ORDINATE VARIED.
Ratio Angle Angle
of position for Maximum for
of maximum Maxi maxi- Ky in Ibs., maxi-
ordinate to mum mum sq. ft., miles/ mum
Seclion, chord length. L/D L/D. hour, units. Ky
Ay T 500 1180 8° 00317 18°
Bt ok I8 332 13.6 4° 00358 GR
(IR 5 .168 11.0 4° .00206 8.5°

We see that the maximum L/D for section B with a ratio
332 is as high as 13.6, while for section C, where the maxi-
mum ordinate is well forward, it sinks to 11. Again, the max-
imum lift for B is about 50 per cent greater than that for C.
The angle of maximum lift also appears much earlier when
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the maximum ordinate is nearer the leading edge. A further
inspeetion of the N, P, L. eurves also shows that at the point
of maximum lift, a slight variation in the ratio changes a
smooth burble point into a dangerously steep one.

The main result of the investigation is to show the care re-
quired in altering even slightly the position of maximnm
ordinate for a given section, and also to indicate that the best
position is ahout one-third from the leading edge.

Behavior of Wings with Reverse Curvature
at the Trailing Edge
This constitutes a far more important question than that of
the preceding paragraph. It would considerably simplify
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airplane design, from the point of view of statieal and dy-
namieal stability if the position of the centre of pressure or
of the veetor of resultant force on the wing did not vary its
position so rapidly with change in the angle of incidence. It
may he said that as a general rule for the usual angles of
flight that when the angle of incidence deereases the centre of
pressure on a wing moves far back, and the resultant force
tends to dive the machine, decrcasing the angle of inecidence
still further. When the angle of incidence inercases, the centre
of pressure moves forward and the resultant force tends to
stall the machine, inereasing the angle of incidence still fur-
ther. We shall deal fully with this important point when con-
sidering the general statical equilibvium of the airplane.

Among other means of attaining stability, wings have been
designed with a slight reverse eurvature at the trailing edge,
which have been very successful in keeping the centre of pres-
sure motion within narrow limits. It is important to us to see
what sacrifice of sustaining power and efficiency reverse eurva-
ture entails.

At the N, P. L. a seetion (No. 1) very similar to that of the
R. A. F. 6 was employed, and three reversed curvature forms
2, 3, 4 were developed from it by turning up the trailing edges
through successively inereasing distaneces while keeping the
thickness of section unaltered. The point of inflexion, at
whieh the reflexing hegan was in each case 0.4 of the chord
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from the trailing edge, though this could he varied to 0.2
without much effect. These sections are illnstrated in Fig. 2.
The travel of the centre of pressure is shown in Fig. 3 for

&
< 0
:, MODIFICATIONSOF
2 g R.AF. &
3 \\_\_ 2= _ &
22 == . S _ £ 1Al
£ | o . S
L - — Y NRIE G

&9_'_5...'.. S 5 = et O S Eiffel32-----
A /LA R

. I Y
>
-
o gl

0° 2° 4° &° 8° 10° 12° 1¥4° 18° 18°

Angle of Incidence

F16. 3. TraveL oF CENTER OF PRESSURE FOR A SERIES OF
Wings witit UpTURNED TRAILING EDGES

all five sections. The cnrves for the N. P. L. sections show
that as the elevation of the trailing edge increases, the centre
of pressure motion becomes less marked in its movement
toward the trailing edge, than stationary, and finally moves
toward the leading edge. This is certainly satisfactory from
the stability point of view, but the questions of efficiency and
maximum lift have also to be considered. The following are
the values ohtained for maximum L/D and maximum K, :

TABLE 2.
Amount tall
is ralsed Maxi- Maxl}-
as fraction mum mum
Section. of chord. L/D. Ky
' I Bk W T 0.000 15.7 L0320
. . Bt . . e 0.011 15.0 0294
o ot o 0Go.00t o0 4 0.027 14.3 0282
£.0.. . o ¥ Molnvp snbd 4.0 0.057 13.0 0245

It can be seen that as the rear edge is turned up the L/D
and the maximum K, hoth decrease progressively.

The main conclusion of the British investigators was that
with an elevation of the rear edge of about .037 of the chord,
the centre of pressure can be kept stationary, but with a loss of
12 per cent. of the maximum L/D and 25 per cent. loss of the
maximum possible lift. This would be too great a saerifice for
the sake of stability and the designer would find other methods
of stabilization such as the use of décalage in hiplanes and
negative stabilizers far more useful.

Eiffel has, however, investigated a section with a very
slightly reversed trailing edge (Eiffel No. 32 Lanier-Law-
rance, details of which have been given in Chapter 5), which
is far more satisfactory and in wide use. Its maximum L/D
is about 18.2) maximum lift coefficient is about .0033, and it
has an excellent working range. The centre of pressure
motion is almost nil between 0 degrees and 10 degrees of
ineidence, and such a wing wonld certainly not tend to dive
a machine, although it is not very good at stalling angles. Its
shape offers certain construetional difficulties in the region of
the rear spar.

Effect of Thickening the Leading Edge of a Wing

Conirary to a somewhat common coneeption, the thickening
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SEcTIONS EMPLOYED IN INVESTIGATING EFFECTS OF
TrickeNING LLEADING EDGES

Fia. 4.

of the leading edge as shown in Fig. 4 was distinctly disad-

vantageous, the decrease in efficiency progressing proportion-
ately to the thickeniag.

Effects of Thickening Wing Towards the Trailing Edge

Thickening towards the trailing edge is sometimes advan-
tageous from the point of view of structural strength, and
experiments have been conduected to see the loss ia aero-
dynamic cfficiency such thickening involved. The sections em-

B s S

Fi1c. 5. EXPERIMENT OF THICKENING THE TraiLING IEDGE OF
Wixe

ployed are shown in Fig. 5. It appears from these experi-
ments that the lift coefficient at a given angle of ineidence is
not much affeeted at angles greater than 7 degrees but that
at smaller angles of incidence the lift coefficient is actunally
a little greater for the thickened sections. The maximum
Lift/Drag steadily diminishes as the trailing edge is thick-
ened:

TABLE 3.
Maximum
Section. L/D,
5 TR NAIAINE B G 000 DD 0 006 00 c 000 0 o 13.2
AR AP g R Sy o 13.4
- N PN TP B 1 e S 0 B 00 14.2
B b i rea e amass o s die sininissinine ot SH 14.6

“Phillips Entry”

As shown in Fig. 6, the seetion R. A, F. 4 was modified into
the R. A. T, 5 to give the well-known “ Phillips Entry.” This

£R.A.F- 4
<o —

R.A.F. 5 ‘PHILLIPS ENTRY."

—

Fie. 6. MobiricaTioN oF R. A. F. 4 WiNG 10 Give PHILLIPS
ENTRY

modification was found to have no effect on the acrodynamic

properties of the wing, an important consideration in view of

the faet that numerous attempts have been made to utilize

this modifieation.

Effcets of Varying Aspect Ratio
Foppl's and Eiffel’s experiments have dealt with eambered

plates; the N. P. L. has investigated the effect of varying
aspect ratios on a practical wing seetion rectangular in plan

———

Fi1g. 7. 'WinG Secrion EMPLOYED AT TnE N. P. L. 1N INVESTI-
GATION OF KFFECTS OF VARYING ASPECT RATIO

similar to the Bleriot XI bis which is shown in I'ig. 7. For

a more or less aceurate understanding of the phenomena ae- °

companying sueh variation, it is neeessary to consider pres-

sure distribution, but for design it is more important to bear

in mind the simple results of this investigation:

As aspect ratio increases

(1) The maximum L/D ratio improves, the corresponding
angle of incidence remaining sensibly the same, and the
L/D at other angles improves also.

(2) the drag diminishes.

(3) the lift eocflieients at all except very small angles and the
maximum lift eceflicient remnain praetically constant; the
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maximum lift coefficient oceurs at a smaller angle of in-
cidence.

(4) the angle of no lift occurs at smaller positive angles, or
larger negative angles as the case may be.

Although the Bleriot wing tested by the N. P. L. was of
practical form, it is not commonly employed in modern econ-
struetion. The correction tables (Tables 4 and 5) are solely
based on results derived from it, and it does not at all follow
that similar corrections would apply to wings of other form.
In default of other experimental work, however, such corree-
tions can be applied with probably a fair degree of accuracy.
The values for aspeet ratio of 6 are taken as a standard of
eomparison, this being the aspeet ratio used for so muech ex-
perimental work on wing sections.

TABLE 4.

APPROXIMATE CORRECTIONS FOR MAXIMUM L/D WITH VARIATION OF
ASPECT RaTiO.

Ratio
of maximum L/D
to maximum L/D
at aspec__toratio G.
b

The following table shows the ratio of drag for various as-
pect ratios to drag for aspeet ratio 6 as unity:

TABLE 5.

ApPROXIMATE CORRECTION FOR VALUEs OF K WITH VARIATION OF
ASPECT RATIO,

Angle of Aspect Ratio.
incideuce. 4 5 6 8
0 1.05 1.00 1 1.10 1.00
1.90 1.02 p | 1.00 1.05
1.022 1,10 1 1.00 1.00
1.031  1.03 1 91 1.14
1.040 1.01 1 89 91
1.047 1.06 1 .88 91
1.036 1.11 1 98 .99
1.071 1,02 1 92 . .89
04 1.00 1 .85 1.01
1.130 91 1 1.05 1.20

Choice of Aspect Ratio

In selecting ratio for an airplane many other eousidera-
tions enter besides those of aerodynamic efficiency. Thus as
aspect ratio and the span of the wings increase, the heavier
the strueture becomes for the same strength. This involves
heavier bracing and more structural head resistance; the in-
crease in weight ifself reduces the aerodynamic efficiency indi-
rectly. Hence if the aspect ratio were increased to an exag-
gerated extent, structural difficulties would more than eounter-
balance the gain due to this inerease. The question is too eom-
plex for theoretical treatment or for definite rules, Later in
the design of a standard machine, comparative designs will
be made for various values of aspect ratio.

For preliminary design, the best method of fixing aspeet
ratio is to follow standard practice, and this would indicate:

5 to 1 aspect ratio for monoplanes and small biplanes.

6 to 1 or 7 to 1 for large biplanes.

Effects of Raking the Plan Form of a Wing

Experiments on the effect of raking the plan form of a wing
have been conducted by Eiffel in Franece and Foppl in Ger-
many, references to which are given at the end of this section.
Unfortunately, their investigations were mostly on cireular
wings, were somewhat contradictory, and their results varied
with different camhers.

In the experiment which Eiffel condueted on a practical
wing section, Coanda Wing, Kiffel No. 38, as illustrated in
Fig. 8, the raked wing was decidedly superior fo the rectangu-
lar form into which it was eut down. Nor can this improve-
ment be due to variation in aspect ratio whieh is negligibly
small. The ratio of maximum L/D was about 1.2 to 1.

It would seem therefore that experiment is in agreement
with praetice in impuiing certain advantages to raking. But
in view of the variation in results with wings of different
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Fig. 8.

camber, it would be unsafe to employ a correction ratio of 1.2
in maximum L/D for the raking of any other wing, say an
R. A. T. 6 section, until there has been further investigation
of this point.

Swept Back Wings

Another variation in the plan form of wing sections, very
largely employed on German machines of recent type, and also
on one or two American machines, is that of swept back wings.
Swept back wings are mainly used to give lateral stability.
It has also been thought that their arrow-like form gave them
an inereased aerodynamie efficiency, and that longitudinal
stability was alco improved by their employment. We are not
at present concerned with lateral stability. Aerodynamically
a recent investigation at the Massachusetts Institute of Tech-
nology shows a progressive decrease in efficieney with in-
creased sweep back. As regards longitudinal stability the ac-
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tion is peculiar and not at all so satisfactory as that of the
wings with reversed trailing edges.

An R. A. F. 6 wing, originally of aspeet ratio 6 was em-
ployed and swept back as shown in Fig. 9. The results of the
investigation are summarized in Table 6:

TABLE G.
Angle of Angle of
incidence Maxi- Ky incidence  Maxi-
Sweep for maxi- mum for maxi- for maxi- mum
Section, back. mum L/D. L/D. mum L/D., mum Ky. K

........ 0 4° 17 00143 14° 00288
.. L b 10 4° 16.5 00130 16° 00276
........ 20 4° 16.2 .00129 16° 00276
RSO I 30 4° 12.8 .00120 %° 00266
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Up to 20 degrees sweepback, it can be seen that the loss in
effieiency is not so great, but the 30 degree entails a loss for
which good lateral stability would searcely compensate.
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Fic. 10. MovEMENT OF CENTER OF PRESSURE FOR WINGS WITH
VarvING DEGREES OF SWEEP BACK

The centre of pressure motion is illnstrated in Fig. 10. It
has the same peculiar characteristic for each of the wings.
At small angles the centre of pressure moves backward, thus
producing diving, but at large angles the centre of pressure
moves forward, thus tending to stall the machine. Longi-
tudinal stability is thus not secured.

Negative Wings Tips of Swept Back Wings;
Effect on Longitudinal Stability

Swept back wings with negative wing tips have been sue-
cessfully employed in German machines; and in the Burgess-
Dunne, without the use of tail surfaces. Sueh wings certainly
give a great degree hoth of longitudinal and lateral stability,
but at some sacrifice of efficieney. Experimental results, ex-
cept for complete airplane models, are not available, but a
simple theoretical discussion at this stage is instructive; this
involves the application of the first principles of mechanies,
yet always presented considerable diffienlty. It also gives us
the opportunity of considering the stabilizing influence of tail
surfaces in an elementary manner,

Consider the two arrangements of Fig. 11, 4 and B, one
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Fi6. 11. DiaeraM T0 JLLUSTRATE VARIATION OF RESULTANT
ForcE wWiTH POSITIVE AND NEGATIVE TAIL SURFACES

with a positive tail surface, the other with a negative tail snr-
face. We will assume the forces on the wing and on the tail
to be vertical for simplieity’s sake. although this would not
actnally be the case, with positions of forces and centre of

gravity as in sketeh. Assume the force on the wing to be 10
times that on the tail. Then in case A moments about centre
of gravity are:

(10X1)4-(25X1)=35 in a diving or counter elock-
wise direction. The resultant must be aft of the centre of

gravity, and since its value is 10 + 1, it is s = 3.18 feet aft
.

11,
of the centre of gravity between the two forces on wing and
tail.

For ease B moments about centre of gravity are:

(10 X 1)—(25 X 1)=-—15 in a stalling or clockwise di-
The resultant will now be -1—95 == 1.67 feet forward of
the centre of gravity and forward of the force on the wing.

A ncgative tail can thus convert a diving moment into a
stalling moment at small angles. At large angles of incidence
the negative lifting surface will become positive and may be
used to eonvert a stalling moment into a diving moment. A
negative tail surfaee ean thus be suitably adjnsted to give lon-
gitudinal stability at all angles within the flight range.

rection.

Similarly for a machine with swept back wings and nega-
tive wing tips, as shown in Fig. 12, at an angle of 1 degree
ineidence for a positive seetion 4-4, the foree has a counter-
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Fi16. 12. Dr1aGray 10 ILLUSTRATE STABILIZING EFFECT OF
Swerr Back WiNGS wiTiH NEGATIVE WING Trips

clockwise moment abont the eentre of gravity tending to
dive the machine. For a negative seetion B-B, the foree has a
stalling moment about the centre of gravity which prevents
diving aetion. Similarly, at large angles of incidence the
positive surfaces of the wing may tend to stall the achine,
while the negative wing tips then assume a positive action
and counteract the tendency to stall. Thns if the wings are
sufficiently swept back and the negative surfaces powerful,
static longitudinal stability ean be seeured.

The negative surfaces having so small an arm compared
with negative tail surface must have a much larger surface
than the latter. Consequently such an arrangement must be
acrodynamieally inefficient. This may be compensated for by
the fact that no structural extensions to tail surfaces are neces-
sary in a machine of this type.







Chapter VII
Study of Pressure Distribution

For general purposes, a knowledge of lift, drag and the
position of the vector of resultant force at various angles of
incidence is as much aerodynamical data as the designer re-
quires with reference to a wing section. But an investigation
of pressure distribution bears directly on an understanding
of the following important points:

1. The variation of stresses in the covering fabric of a wing,
due to the unequal distribution of pressures.

2. The great efficiency of a cambered surface as compared
with a flat plate.

*3. The analysis of the forces at play and their exact bearing
on efficiency, and on the position of tbe resultant vector.

4. The relative importance and the inter-dependence of the
two surfaces of a wing.

5. The effects of varying aspect ratio.

6. The variation of lift and drift with speed and size of
model.

It is evident, therefore, that the guestion is not of purely
scientific or academic importance. Much useful work has been
done in this direction by Eiffel and the N. P. L., and a great
deal still remains to be done.

Methods of Obtaining Pressure Distribution

The mapping of pressure distribution is a lengthy process
requiring numberless readings. 1t is fully deseribed in the
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N. P. L. reports, and we shall only summarize briefly the
methods employed.

Holes of '/, ineh diameter are drilled in the wing where
required, normally to its surface, and are plugged with plasti-
cine, except the one under observation. The hole in use is
connected hy a length of very thin hypodermic syringe tubing,
too small to cause disturhance, with a three-way cock. A pitot
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and static pressure tube is placed in the channel where the
flow is undisturbed by the presence of tbe model. The statie
pressure tube is permanently connected to one arm of the
usual manometer; the other arm can be connected alternately
by means of the three-way cock either to the pitot tube or to
the hole drilled in the wing section.

The manometer can be thus made to read either the velocity
head of the wind, or the difference in pressure betweeu the
static pressure of the channel, and the pressure on the wing
at the point considered; and a direct comparison between these
two quantities is immediately possible. Great eare has to be
exercised in obtaining values of pressure distribution which
correspond to a constant value of the wind veloeity, and in
maintaining the same direction of the pitot tube relative to
the wing. I

Over the upper surface of a wing there will be suetion, on
the lower surface pressure, and we shall indicate the exaect
distribution in this seetion. In Fig. 1, the suction force normat
to the upper surface, and the pressure foree normal to the
lower surface, are represented diagrammatically for the same
position on the chord. If these forces are resolved along the
line of the relative wind and perpendicular to it, we see that
they add up te give a force upwind and lift. At other points
along the chord these forees may oppose one another or give
a foree downwind. An claborate method of grapliecal in-

tegration for pressure forces has been devised by the N. P. L.

but their integration was normal and perpendicular to the
chord. Such summations, if taken as giving lift and drag,
involve errors except at very small angles.

Comparison of Results from Pressure Distribution and
from Force Experiments

In Chapters 2 and 3 we have divided the forces acting
on a wing into two classes: density or turbmlence forees,
and skin friction forces. A study of pressure diagrams en-
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ables us to determine the part which these forces play in pro-
ducing lift and drag. In Fig. 2, the results of a pressure
force integration are shown from experiments on a R. A. F.
6 wing, and compared with the usual force determinations.

The result for the lift values coincides. Now, it is fairly
clear that skin friction forces would not impart lift to a wing.
We can conclude that lift is solely due to the density or turba-
lence forces, and, further, that lift can he obtained from the
integration of the components of the pressure forces per-
pendicular to the relative wind.

The drag curves coineide at high angles, while between 0
degree and S degrees the drag derived from the pressure in-
tegration is less than that obtained from force experiments.
The difference is due to the fact that the pressure results give
no indication of skin friction forces.

Effect of Variation of Speed and Scale on Lift
and Drag Coefficients

These considerations enable us to deal more closely with
the question of variation in coefficients with change of speed
and scale, the product (IV).

Experiments at the N. P. L. show that lift coefficients are
scarcely affeeted by such change. If, as has been shown, lift
is due to pressure forces solely, there is no reason why the
lift should be affected.

That portion of the drag due to density resistance and ac-
counted for hy the pressure integration would vary as AV>
But the skin friction, not accounted for by the pressure ex-
periments, varies as bl 77"*®, Therefore, with increase in
speed and scale, the drag would not vary as AV’ but some-
what less rapidly, and K: would not be a constant.

It might be possible for any model wing to find the density
component of the drag by allowing for skin friction, step this
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IV ror R. A. F. 6.

up to full size as AV* and then to compute the skin friction
from the b1 ¥*** formula. But we are not too sure of this
formula, and the process would be very complicated.

Some experiments at the N. P. L. provide, perhaps, the
best guide, although they have been carried over too narrow
a range. In Fig. 3 are given values L/D for the R. A. F. 6
section, plotted at the same angle of incidence against log
(I¥), the logarithm being used purely for convenience in
plotting. If the designer wishes to correct to the full-sized
machine, he must take the value IV which is giveu in connee-
tion with the scction he employs and compare values of L/D
at any angle of incidence with that corresponding to log
IV = 275(1V = 560), a good value for a full-sized machine.
The N. P. L. also gives corrections for lift, whiech are to be
regarded with doubt, and corrections for drag coefficients.
But it would seem safer to employ only the L/D corrections;

and even these should be only used for the designer’s persenal
benefit, or in comparing the merits of two sections, as in the
last column of Fiz. 9 of Chapter 5. Designing without any
corrections would be the most eonservative method, and
might ensure a pleasant surprise for full-size performance.

Distribution of Pressure at Median Cross Section of
Various Surfaces

With the ribs, stringers, fillers and good fabries employed
in modern wing eonstruction, the stresses produced in the
fabric are well within the limits of safety, as we shall see
later. But it is important to remember that it is not the

mean pressure over a wing which gives the mavimum stress
in the fabric; it is the maximum pressure at one particular
point. Also a small hole at one point of the fabric may
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cause it to carry the added effect of the suction at the upper
surface and the positive pressure at the lower surface.

Eiffel in his earlier experiments consistently investigated
the pressure distribution over both surfaces, and a number of
his diagrams are shown in Fig. 4, while the maximum effect
of suction on upper surface and pressure on lower face is
shown in table in Fig. 4, at the same angle of incidence of
6 degrees in each case. The speed of the test was 32 feet
per second. Although these surfaces are not in common use,
they serve as a qualitative criterion from this standpoint for
more practical wings.

An incidence of 6 degrees may be taken as normal flight,
and at a speed of 60 miles per bour it is seen that pres-
sures may vary from 134 to 8.82 pounds per square
foot. This is, however, by no means the worst loading that
can occur on a wing fabrie. Under abnormal conditions such
as flattening out after a steep dive, the maximum load per
square foot may be many times greater. This question will
be eonsidered in detail in dealing with factors of safety.

Distribution of Pressure Over the Entire Surface of a
Wing; Lateral Flow, Its Bearing on Aspect Ratio

The most instruetive experiments on the pressure distribu-
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tion over the entire surface of an aeroplanc are those due to
Jones and Paftterson, at the N. P. L. and to Eiffel.

At the N. P. L. a single wing seetion has been dealt with
in this way, but there has been a close and useful analysis,
which is a first step in the investigation of phenomena of
lateral flow, and of the underlying causes of the effects of
varying aspeet ratio.

A section resembling the R. A. F. 6, but with somewhat
greater camber, was employed. Reectangular in plan, it had
a series of observation points as shown in Fig. 5, on five sec-
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tions parallel to the median section. The actnal methods were
similar to those already deseribed in considering pressure dis-
tribution over a median section, and the same remark applies
to the resolution of components normal and perpendicular to
the chord and their subsequent summation. The centers of
pressure for each section were obtained by taking moments
by a process of elementary mechanics, a similar process is
fully described in the Bulletin de VInstitut Aérotechmigue.
Normal forces were again taken as a measure of the lift,
and forces parellel to the chord as a measure of the drag,
skin friction being neglected. The resolution of forces along
and perpendicular to the chord, instead of along and per-
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pendicular to the relative wind, involved the error already
mentioned, unimportant, however, except at large angles.

In Fig. 6 are shown the curves of normal and parallel
forces at the five sections for various angles of incidence. In
Fig. 7, the eontributory effects of each section of the wing
is clearly illustrated by eurves giving lift, L/D and center of
pressure for each seetion. The following observations can be
made from this data:

(a) As cach section, beginning with the median, is cousid-
ered, the distribution on the upper surface from high
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snction forward and low suction aft alters progressively
until when the tip is reached the highest suction ocenrs
in the neighborhood of the trailing edge. N

(b) On the lower surface, the positive pressures found over |
the central portion of the wing fall off, and eventually
change sign, so that near the tip ahnost the whole see-
tion is under suction. y

(¢) At the same time, the areas of the curves of normal
forees on upper and lower surface decrease at first to
about */, of their original value, but subsequently in-
crease as the tip is reached.

(d) Again as we move from the median section outward,
the areas of diagrams proportional to parallel forces
change from negative values (which oppose drag) to
appreciable positive values, so that drag of the sections
increases very rapidly in the neighborhood of the wing
tips. Thus maximum L/D at A is 24, at E it is only 5.

(e) It is the variations in pressure distribution as we move
out laterally which cause the center of pressure of the
whole wing to move back.

This seems to demonstrate clearly that at the sides of the
wing section there is a considerable amount of lateral flow,
which prevents the establishment of a régime as efficient as
at the center, where the air does not escape but follows the
contour of the wing.

It is now also clear why increased aspect ratio is advan-
{ageous: As aspeet ratio is inereased, the inefficient action
of the exterior sections assmmes less importance. Withont
further research it is, however, impossible to say whether
increase in aspect ratio leaves the aerodynamical conditions
at the median scetions unaltered, or whether it improves eon-
ditions everywhere on the wing except on the lateral tip.

These experiments may not be of immediate application in
design, hut may serve to give a better conception of what
may be expected when a wing is varied in plan form. Be-
sides the effects of varying ratio, these considerations would
tend to explain the effects of raking.

Distribution of Pressure Over Entire Surface of Wing
and Curves of Equi-Pressure

Eiffel employs an instructive method of curves of equi-
pressure over the entire surface of the wing. e has ob-
tained suel curves for flat plates and for ecambered surfaces,
but has unfortunately not carried his analysis very far, and
gives us nothing beyond a graphical idea of the actual dis-
tribution of pressures. In Fig. 8 we find curves of equi-
pressure and pressures at various sections for the Nieuport
wing, which are somewhat more suggestive.

In the Nieuport wing, the sections, while preserving their
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general character, thin down as we move from the median

section outward. This has the effect of maintaining nearly
the same character of pressure distribution on all sections.

Corves of Equr-pressore
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The outer sections have smaller values, it is true, but the
maximum suction on them is still not far from the leading
edge. This from considerations of preceding paragraphs
tends to minimize the aerodynamie inefficiency on the outer
section. A wing such as the Nieuport wing might, therefore,
be very valuable, but further experiments would be necessary
hefore this point could be definitely settled.

Relative Importance and Interdependence
of Two Surfaces

In Fig. 9 are shown curves due to the National Physical
Lahoratory, which show the distribution of pressures along
and normal to the chord on the upper and lower surfaces of
two wing sections. The sections are alike in their upper
surfaces, but one of them, seetion 2, is hollowed out, while
the other, section 1, has a plane under surface.

As we have already stated, the sum of two forces normal
to the chord is scarcely distinguishable from the lift. And
it can be readily seen from these eurves that in both sections
the upper surface contributes all the normal foree at 2 de-
orees and nearly threc-quarters of it at 12 degrees.

1t ean be deduced from this that the lower surface of a
wing seetion provides not more than one-quarter of the total
Jift. We notice further that the curves for the upper sur-
faces in both sections are practically identical.

Section 1 has no components parallel to the chord; in sec-
tion 2, as ean be seen from the curves, the lower surface
contributes very little of such eomponents. Up to 7 degrees,
the lower surface gives an upward foree which helps to dimin-
ish drag; above this it has down a “downward” and detri-
mental effect. It can be seen here that the effect of the upper
surface is similar in both sections.
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From these considerations we can apparently conclude:
(a) That it is the upper surface of a wing which is by far
the most important.
(b) That hollowing out a seetion has very little effect either
on its lifting power or on its efficieney.
A somewhat similar conclusion was arrived at by Bende-

wing Section No/(
~arce normal tochord

wing Section Mo 2.
Force normol fo chord

.00426

oe320 Q oo. \ . £ =

! s/lal>1— el 1T

- ~
L002:3 / S~ ©ooz13d -4 > ==
.cos70 / 00170 / 10)
¢ / /

o 00 e
~.00106 So106

T 0% 5°_10°. 745" 20" a5 o 5° 10° 15 20° 25°
Angle or ncidenc e Aangle of lncidence

crce ofc T o %
e L L dorce eianguch re Force o/ong chiord

] b o =
Pox-2-] 7 000 N 7
L v
/
-.0002/3 ,l 0002 \ 4L
2 &,
&y | 00092 =
00092 s, o 56 20° 25° ST 59 /0° (5° 20° 257

9 o
Angle or lncidernce Angle of lricidence

@ Lower surfoce & Ypper Surface @ 7ota/

Fig. 9. Di1aGrRaAMS ILLUSTRATING THE INTERDEPENDENCE AND
RELATIVE IMPORTANCE OF TWwO SURFACES OF A ‘WinNe
SEcTioN. COEFFICIENTS ARE IN Foor POUNDS
Prr Squark Foor Per M1 Hour.
mann in examining a heavily cambered almost cireular pro-
peller section; the camber of the lower surface searcely af-

fected the value of the coefficients.

Distribution of Pressure; the Principle of the Dipping
Front Edge. Why a Wing Section Is Advantageous
as Compared with a Flat Plate

We know from the pressure diagrams that for any wing
sueh as that in Fig. 10, the pressure at 4 is negative, while

f

B

1. 10. DraGrAM JLLUSTRATING THE PRINCIPLE OF THE
DipriNG FroNT EDGE.

——

that at B is positive. This seems paradoxical, since 4 would

appear to be facing the wind, while B is sheltered from it.

Fage gives a very good explanation of this phenomenon com-

monly known as the Principles of the Dipping Edge.”

Photographs, such as we have already given in Chapter 3,

show that the wind is deflected upward as it approaches the

leading edge of the wing. A4, although it faces the general
wind direction, is thus screened from it, and becomes a region

of low pressure; while on B the relative wind impinges di-

rectly and receives a slight downward deflection.

From somewhat similar considerations, we are now in a
position to explain roughly why a wing seetion is so much
more advantageous than a flat plate:

(1) The suction on the upper surface of a wing toward the
trailing edge is much greater than that for a flat plate,
explainable by the principle of the dipping front edge.
And a greater suction implies a greater lifting power.

(2) From the pressure distribution curves on the median sec-
tion, it ean be secn at once that the greater part of the
force on the upper surface is due to the suction in the
region of the leading edge.






Chapter VIII
Biplane Combinations

Monoplane surfaces are aerodynamically the most efficient.
Biplane combinations of any kind introduce interference be-
tween the planes, a diminution of the suction on the lower
plane, with a consequently diminished efficiency. But as air-
planes increase in size the difficulties of suitably bracing
monoplane surfaces become very great, and their lifting ca-
pacity inadequate, and biplane construction must be resorted
to.

Another important aspect of biplane construction is the
possibility of obtaining longitudinally stable arrangements by
staggering or displacing the wings relative to one another,
and by introducing small angles between their planes, which
is known as décalage.
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The effects of staggering the planes for convenience of econ-
struction or with a view to increasing the range of view are
to be considered within the provinece of practical construction.

Orthogonal Biplane Arrangements with Varying
Gap Between Planes

An orthogonal biplane, as shown in Fig. 1, Setting No. 1, is
one in which the lines joining the leading and trailing edges
of the two wings are both at right angles to the chord.

Experiments to which reference is given at the end of this
section to determine the aerodynamie coefficients of such com-
binations with varying gap between planes have been carried
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out solely on wings of an antignated type, and it is by no
means certain that similar values would apply exaectly to
modern wings. In default of further exhaustive experimenta-
tion, the N. P. L. values must be taken as a guide, however.
The resnlts of the N. P. L. experiments showed that for nor-
mal angles of incidence:

(1) Drag per unit area of biplane combination was not
appreciably greater than that of a similar monoplane sarface.

(2) The lift coeflicients as compared with a monoplane sur-
face decreased considerably, and that the loss was the greater
the smaller the ratio between gap and chord.

(3) Loss in value of lift/drag follows:

On the basis of these experiments the following table can be
employed:

TABLE 1.
FOR ANGLES OF INCIDENCE IN NOBMaL FLIGHT
Ratlo of gap to chord.......... . 040 080 100 120 1.60
Factor for Ay to reduce biplane lift
from coefficients of a monopiane .
MR [ .n e Rl R ... 001 056 081 0.86 0.89
Factor for Ky/Kx to reduce from
coefliclenta of a monoplane sur-
NCE oo ibld. oo T A 2 . 075 079 081 0.84 0.88

Distribution of Forces Between the Upper and Lower
Wings of a Biplane

By an indirect deduction from Dr. Hunsaker’s experiments
on the triplane the following figures may be given for the dis-.
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tribution of lift on the upper and lower wing of a biplane,
with ratio gap to chord 1.2:

TABLE 2.

Percentage Lift Petcentaﬁe Lift

Angie of Incidence Upper Wing Lower Wing
. 0 o 629% 38%
O 55% 45%
4 54% 46%
8 53% 47%
5153 54% 46%

It is possible that the upper wing does not only carry a
greater proportion of the lift, but that it also has a better
L/D ratio and has a proportionately small drag. Still the
standard assumption, as used by Dr. Zahm, among other emi-
nent authorities, that 55 per cent of all the forces acting on a
biplane may be taken as acting on the upper plane is suffi-
ciently accurate for all practical purposes. The distribution
of forces between the two planes is only useful in stress cal-
culations in design, where an error of a few per cent will have
little or no importance. In Eiffel’s earlier experiments some
interesting data for pressure distribution on the upper and
lower wings of a biplane are given which bear out the above
values.

Distinction Between Static and Dynamic Stability
It is important at this stage of the work to draw a dis-

tinetion between static and dynamic stability. An airplane
with static longitudinal stability has a righting moment
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-when displaced from its position of equilibrium, wbich tends
to bring it back to the position of equilibrium. This righting
moment may be so violent, however, tbat the airplane may
acquire a considerable rotational velocity (pitching velocity),
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overshoot its position of equilibrinum, and then, with the inter-
vention of a righting moment in the opposite direction, oscil-
late back and forth. In fact, the greater the static stability,
the more violent may be the longitudinal oscillations.

In addition, therefore, there must be dynamie stability sup-
plied by large tail surfaces, with a long arm about the center
of gravity to damp out the oscillations which the static sta-
bility alone is unable to subdue. A concise but authoritative
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) . . ey .
diseussion of dynamie stability has appeared in AVIATION AND
AERONAUTICAL ENGINEERING (see appended references).

Stable Biplane Arrangements
We have seen that it is possible to secure a large degree of

static stability at the expense of some loss in efficiency by the
employment of wings with reversed curvature at the trailing
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edge. It is possible to insure statie stability also by the em-
ployment of biplane combinations with stagger and décalage.
Dynamic stability without preliminary static stability is im-
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possible, but if an airplane is statically stable, dynamic sta-
bility is eertainly possible.

Dr. Hunsaker investigated a great number of biplane ar-

rangements at the Massachusetts Institute of Technology, with
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varying degrees of stagger aud décalage, and found that with
certain combinations:

(1) Static longitudinal stability eould be obtained with but
little loss in aerodynamic efficiency.

(2) By suitable arrangements, the lift curve at the burble
point can be flattened out and made to maintain its maximum
for a wide range.

This is particnlarly valuable, beecanse it
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eliminates the danger usually attending stalling altitudes.
With a sharp drop in lift at the burble point, the loss in sus-
tentation beyond a certain angle may be so great that the ma-
<hine may drop.

Results of Experiments on Biplanes with
Stagger and Deécalage

In Table 3 are given the summarized results for a series of
tests on such eombinations. In Figs. 1 and 2 are shown the
eorresponding eombinations with the vector diagrams; in Figs.
3,4, 5 and 6 are shown Ky and K: curves, and in Fig. 7 are
plotted these Ky against Kz eurves for all the settings.

To judge of the stability of any combination it is necessary
to assume a number of positions for the center of gravity,
to assume a normal flying angle of ineidence, and to see
whether displacement from the normal flying pesition is fol-
lowed by the eorreet righting moment about the center of
gravity. If, for instanee, the center of gravity for the setting
No. 4 of Fig. 1 is plaeed as shown, between the vectors for 4
degrees and 6 degrees incidence, with normal flying angle 5
degrees, there will be statieal stability. If the airplane dives
to 2 degrees, the resultant foree will have a clockwise mo-
ment about the eenter of gravity and will tend to right the
maehine. If the airplane stalls to 8 degrees, the resultant
foree will have a counter-cloekwise moment and will again
tend to restore the biplane to its normal position.

In Table 3 the various settings are elassified as stable and
anstable, and it forms a very useful exereise to examine each
eombination from this point of view. The eomparative values
aerodynamieally and the lift at the burble point are brought
out clearly by Table 3 and by the K, and K eurves.

Even with these extensive tests it is impossible to draw
definite conclusions as to the selection of any partieular type,

and the results should be regarded as more qualitative than
quantitive. The qualitative results wounld prevent any fan-
tastic eombination being employed.

Some of the main conclusions may be summarized as fol-
lows:

(1) Stagger alone improves the aerodynamical qualities of
a biplane, and flattens out the burble point, moves the vectors
of force forward, but does not increase the stability to any
appreciable extent.

(2) Cutting down the lower wing of a biplane does not im-
prove the stability, but it lessens interference, improves the
aerodynamie eflieiency, and flattens out the burble point.

(3) Inereasing déealage combined with stagger produces
progressive stability, but at the expense of aerodynamic effi-
eiency.

(4) Among the most promising arrangements seem to be:

No. 4. Décalage 2V5 degrees, stagger 50 per cent. The
stability is gained at the expense of but 4 per eent of the
maximum lift/drag ratio, while a gain is obtained in all
other properties.

No.”"3A. Déealage 2.1 degrees, stagger 50 per eent,
lower ebord 83 per cent of the upper ehord. Ilere the
stability is also attained at a loss of but 4 per cent on
maximum lift/drag ratio, while the lift curve remains at
its maximum over a range of 12 degrees.

Comparison of Aerodynamie Losses Involved in Obtain-
ing Stability by Reversed Curvature Wings and
by Stagger—Decealage Combinations

For reverse curvature wings giving statie longitndinal sta-
bility the maximum lift is 17 per eent less and the maximum
lift/drag ratio is about 14 per cent less than for a simple
orthogonal biplane, as seen from the last column of Table 3.

TABLE 3.

CH1EF PARTICULARS FOR STABLE BIFLANE ARRANGEMENTS

| “ Range
! Ky/Ke | Ky/Kz | of Flst
| Upper | Lower [Decalagel! Max. Max where | where | Burble = )
Type Gap ‘ Stagger | Chord | Chord | Degrees | Ky/Ka Ky {)\ (')06-5 (I; (')0;-5 l];mm in | Remarks oa Stability with reference to Figs. 1 and 2
! . egrees
Monoplene......| .. | .. | i€ Al .. 115 1.10 0. 90 1.24 2° Unstable.
Biplane No.1..., C | 0. i lle c 0.0 1.00 1.00 1.00 1.00 2° Unstable.
BiplaneNo.2...| € |05 | ¢ | ¢ [ 0.0 1.00 1.06 1.00 1.02 2e Resuliant forees frum 234° to 10%° interseet near a
i single point. If this poiat be the center of gravity
! | [ there will be no pitching noment throughout thia
| range. For the extreme range of Aying angles from
| 1 | 1%4° to 20%° the equilibrium is stable.
U
Biplane No.3...| C 0.50C C | @ | 1.0 . 0.95 | 1.03 1.00 1.01 6° The foree vectors for angles from 0° to 10° intersect
{ penr a point, 1f the center of gravity be at this
| point the equilibrinm ie neutrsl from 0° to 10°,
| stable fran 10° to 18° and unmable from 0° to ~5°,
11 center of gravity he placed law, at nbout the ia-
‘ ’ tersection of the vector for 4° and the lower ehord,
H the equilibrivin is satable for all the range from
, ! I | ~2° to +18°
i No.4...| € | a0.50C (o] C 2.5 | 0.95 1.03 1.00 1.02 4° For a center of gravity loented nnywhere in the lower
i ‘ ‘ ! o I triangle bounded by the veetors for —2° and —~5°
the equilibrivm is atable longitudinally throughout
the entire range of pitching engle ~5° to +20°,
Very good arrnngement.
Piplane No.5...| C | 0.80C | C c 40 | 087 | 1.04 | 090 | 0.09 | 4° | Excessive stobility. Mnchinea suitable for amateurs,
Bipiane No. 1A C \78; I 2C. 0.83C 0.0 1.01 | 1.01 0. 90 | 105 | 4° | Longitudinnlly unetable.
Diplane No.2A.| C | 0%0C | C 83C | 00 | 104 | 104 | 003 | 108 | 12° | Unstable.
Biplane No.3A.| C | 0.50C { e 83cC 2.1 0.96 | 1.08 0.96 1.05 12° Longitudinal stability for any eenter of gravity
! | located within the luwer trinngle formed by the
! | vectors far —2° nnd —5° Thia will be the case
[ | for a heavy rea-plave.
Reverse Curva- | [ -~
J;c Wings...| C l 0. { C 0. 0.0 | 0.86 0.83 1.21 | 088 j Oy Longitudinally stable.

C = chord length (upper).

K,/K « and other aerodynamic eoeflicients referred to the othogonal standard biplane as unity.
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With a stagger décalage combination there is an actual in-
crease in the maximum lift, while the L/D loss is only 4 per
cent. The constructional difficulties in the region of the rear
spar are also avoided. On the other hand, stagger involves
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the biplane drag was greater than that of the monoplane,
while at high angles the biplane gave the better qualities. The
later Massachusetts Institute of Technology experiments gave
diametrically opposite indieations. Since these experiments
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increased length and resistance of wing struts and increased
stresses in the drift bracing of the wings.

The relative merits of the two systems can only be decided
upon by a practical comparative experience of the two types.
In the authors’ opinion, the stagger-déecalage system is more
likely to give good results than the reversed curvature wing
system for ordinary machines. For very high speed machines,
flying at a small angle of incidence, however, the reversed
curvature biplane offers 20 per cent less resistance than the
orthogonal biplane with R. A. I'. 6 wing section. In such ma-
chines, where a low maximnm K, coefficient and high landing
speeds are permissible, the reversed curvature wing might be
very advantageous from the point of view of high maximum
speeds.

Aerodynamic Comparison Between the Monoplane
and the Biplane

In Table 1 are given the correcting factors from monoplane
values for biplanes with varying gap/chord ratios from the
N. P. L. experiments. These will, although based on a wing
section of an antiquated type, as alrcady mentioned, be quite
correct enough for angles of normal flight, 4, 6 or 8 degrees
incidence. But for very low angles of incidence and for very
high angles of incidence tbere is a diserepancy between the
resnlts obtained by the British invesligators and by Dr. Hun-
saker. The former concluded that at low angles of incidence

were conducted at a later date, and were carried out with
R. A. F. 6 wing sections, they are probably worthy of more
credence. The following table has been deduced from the
curves of ¥ig. 7, where K, is plotted against K, :

TABLE 4.
LirT/DRAQ RATIO AND K, FOR ORTHOGONAL BIPLANE, R. A, F. 6 WING
SECTION, GaAp/CHORD RaTiO 1, GIVEN AS PERCENTAGE OF MONO-
PLANE VALUES FOR THE SaAME Ky

Ky Ry/Ka Ky
0.0004 110 90
0.0006 107 93
0.0008 99 101
0.0012 &5 115
0.0016 85 115
0.0020 5 125
0.0024 73 127

To consider L/D and K. for the same values of K, for mon-
oplane and biplane is really a much fairer comparison than
to consider L/D and K, for the same angles of incidence.
It really matters very little what the angles of incidence for
biplane and monoplane are, provided we have the same K,
and the same sustaining power at the same speed.

From Table 4 one would conclude that the biplane has a
very distinet advantage for a high-speed scout. Apparently
at a high speed, and hence a low lift coefficient, the biplane
resistance is 10 per cent less than the monoplane resistance.
This is an appreciable saving. TFor a machine which must fly
slowly, and consequently with a high lift coefficient, the bi-
plane resistance is from 15 to 25 per cent greater than the
monoplane resistance.






Chapter 1X

Triplane Combinations — Uses of Negative Tail
Surfaces

In an article on “ The Aerodynamieal Properties of the Tri-
plane,” by J. C. Hunsaker and T. H. Huff, published in the
November 1, 1916, issne of AVIATION AND AERONAUTICAL EN-
GINEERING, the reader will find a eomplete treatment of the
aerodynamie properties of the triplane, with a complete record
of the experimental results obtained at the Massaehusetts In-
stitute of Technology. It remains for us only to summarize
the main results, and to review recent constructional appliea-
tions of the triplane prineiple.

The main conelusions from these experiments are:

(T.) At the stalling angles sueh as 16 degrees the triplane
and biplane give nearly the same maximum lift; the triplane
has a materially lower resistanee at this angle, giving a much
better performance at slow speed. Thus the L/D ratio at
16 degrees is 4.5 for the monoplane, 5.6 for the biplane, and
6.5 for the triplane.

(IL) At angles below 12 degrees the drag coeffieient is
not greatly different in the three eases, but the lift for the
triplane is eonsiderably reduced; it is inferior to that of
the biplane whieh again is inferior to that of the monoplane.

(I11.) The best L/D for the triplane eombination is only
12.8 as compared with 13.8 for the biplane, and 17 for the
monoplane.

(IV.) The center of pressure motion is almost identieal
with that of the biplane. We have seen previously that the
eenter of pressure motion for the biplane is nearly that of the
monoplane. This demonstrates that the commonly made as-
sumption of monoplane eenter of pressure motion for a wing
of a hiplane also holds for the triplane. This is an important
faet in view of the methods employed in stress diagrams.

The experimental results for K, and L/D for the triplane
as eompared with the monoplane and hiplane are sammarized
in Table 1:

TABLE 1
TABLE SUMMARIZING COMPARATIVE VALUES or K AND L/D vor MONO-
PLANE, BIPLANE AND TRIPLANE,

—~MONOPLANE.—~, ,~——-BIPLANE——
Actnal Per- Actual Percent. of Actual Percent. of

TRIPLANE.——

) K, centage. K, Monoplane. K y Monoplane.
o, . . 000486 100 .000432 S8.8 000404 83.0
N 00103 100 .000864 83.8 000776 75.4
[ RN 00145 100 00123 85.4 00109 75.7
T, 00218 100 .00186 85.2 00169 77.4
Q100 S S 00278 100 .00244 87.6 00226 81.2
1Bl bt o 00277 100 .00273 98.5 00267 96.4
L/D L/D L/D L/D L/D L /D
U o, . 8.6 100 6.3 73.2 6.1 70.8
3. . 16.3 100 12.2 74.7 11.4 €9.8
4, S el 16.8 100 13.8 82.0 12.8 76.1
PR 13.8 100 11.3 81.9 11.1 80.4
e e 10.0 100 9.5 95.0 8.9 89.0
L7 PR 4.5 100 5.6 124.0 6.5 145.0

Interference in Triplanes

Dr. Hunsaker’s paper also deals fully with interference in
triplanes. It is important in the struetural design of the
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wing girder to know what portion of the lift and drag to
attribute to eaeh wing. The eomparitive efficieney of eaech
wing is also important from the point of view of overhang.
It appears from Table 2 that the npper wing is very much
the most effeetive of tbe three and the middle wing the
least effeetive. The very poor lift of the middle wing is
caused by the interferenee with the free flow of air due to
the presence of the npper and lower wings.

One interesting point- brought out by Dr. Hunsaker toward
the end of his paper was the fact that when the effeets of
the upper and lower wings were eombined, results identieal
with that of a simple biplane eombination were obtained. This
would tend to show that the interferenee in the case of a
triplane is similar to interference in the case of a biplane.
The upper wing of a triplane would seem to be influeneed
by the middle wing in the same way that the upper wing of
a biplane is influenced by the lower wing of a biplane. Again
the lower wing of a triplane would seem to be influenced by
the middle wing in the same way that the lower wing of a
biplane is influenced by the upper wing. These are im-
portant considerations to he kept in mind when modifieations
of the triplane are attempted sueli as stagger, overhang,

déealage, ete.
TABLE 2
TABLE OF VALUES FOR LIFT AND L/D roi Ilacil WING OF A TRIPLANE
COMBINATION AS RATIOS TO LIFT AND L/D or MIDDLE WING.

Angle of Lift LIft Lift L/D L/D L/D
Incldence. Upper. MIlddle. Tower. Upper.  Milddle. Lower,

[ Y 2.68 1.0 1.82 3.63 1.0 2.30

¥4 2.14 1.0 1.76 3.18 1.0 2.13

4 1.91 10 1.64 2,59 1.0 1.69

8 1.56 1.0 1.36 1.49 1.0 1.37

12 1.56 1.0 1.31 1.30 1.0 1.34

"o n 1.49 1.0 1.20 1.22 1.0 N7

Some Considerations for Triplanes

There are two types of airplanes, quite dissimilar, for
which triplanes have been employed in this eountry, the huge
Curtiss flying boats, and the reeent Curtiss speed seout. It
is interesting to consider what the possible advantages of the
triplane arc at these two extremes of design.

In the heavy types, partieularly in seaplanes, the inereased
size must be developed without inerease in landing speed.
To insure about the same landing speed, the loading must
remain at a figure of about 5 pounds per square foot. And
for an aeroplane of four times the ordinary weight the
wing area must be inereased in like proportion. Monoplane
eonstruetion is obviously impraetieal for sueh great areas
of wings, and even with the biplane there is an enormous
wing span. Sueh a span introduees great diffienlties from the
stress point of view and from the point of view of housing and
handling. The employment of a triplane enables the span to
be kept within reasonable dimensions and also permits the
employment of larger aspeet ratios.

7
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At high angles the lift of a triplane is only 1.1 per cent
less than that of a biplane of the same area. At 16 degrees
the L/D ratio of a triplane is 16 per cent better than that
of a biplane. At stalling attitudes, the triplane has therefore
very decided advantages, giving a greater reserve power at
low speeds in alighting. At 4 degrees incidence for best L/D
the triplane does not show up so well, and requires an increase
in power of about 6 per eent. It would seem as if the 6 per
cent increase in power ean be eompensated for by the pos-
sibility of a less heavy type of eonstruction with decreased
span. Also there is the possibility of employing much greater
aspeet ratios than in biplane work, and this may compensate
to some extent for the losses due to extra interference.

Triplanes for Fast Speed Scouts

From the photographs issued by the Curtiss Company, it
seems clear that the original machine (see AvIATION August
15, 1916) was transformed (see AviaTioNn Oetober 15, 1916)
by placing the triplane wing structure on the same body strue-
tnre as for the biplane. With approximately the same wing
area divided between these planes the aspect ratio was in-
ereased very considerably, without exaggerating the span, giv-
ing some aerodynamical advantage. The extremely narrow
blade like wing permitted the single plane bracing system to
be nsed with much greater security. The employment of a
single plane bracing system euts down resistance very eon-
siderably, and if this bracing system is only possible with
triplane narrow blade construction, then triplane cunstruction
would be a very sound tendency in the design of small fast
machines.

Use of Negative Tail Surfaces

In Chapter 6 we saw the possibility of using a negative tail
surface so as to give static longitudinal stability, and in the
problem which follows a definite ease will be taken as an illus-
tration of this possibility. In other methods of attaining
stability such as employment of the reversed curvature wing
or of stagger-décalage eombinations, dynamic stability might
not follow the static stability unless tail surfaces were em-
ployed. Iu such cases the tail surfaces would probably have
to be placed at zero angle to the wings, or even at a small
positive angle. It is for this reason that the stable biplane
arrangements, apparently so advantageons, are not more fre-
quently used in practice.

Effect of Influecnce of the Wash of the Wings on
Stabilizer Surface

Eiffel in his later experiments eonducted some tests on
tandem wings. One important resunlt of these tests was to
prove that an airplane built with tandem wings would be

Diagram ¥roM EIFFEL TO S11ow DEVIATION OF
STrREAM-LINES BY “ DOwN-Wasit” or WINGS.

Fio. 1.

acrodynamically disadvantageous. Another result was that
the down wash of the front wing would change the flow
relative to the rear wing so that the angle of ineidence of the

AND DATA

latter would be smaller than that of the former. The al-
lowances made for the change in the angle of incidence were
arrived at indirectly by measuring lift and drag on the sec-
ond wing while in the presence of the first, and are not en-
tirely reliable. Fig. 1 represents Eiffel’'s conclusions diagram-
atically for a specific case.

The relative wind for the front wing is horizontal; the
chord of the front wing is at 10 degrees to the horizontal,
the chord of the rear wing is at 4 degrees to the horizontal,
with a décalage of 6 degrees. Owing to the downwash of
the front wing the stream lines at the rear wing now make
a negative angle of 7 degrees with the horizontal, and the
rear wing is actually at a negative angle of 3 degrees to the
stream.

Owing to the faet that the tail surfaces of a machine are
so much further away from the wings, the deviation will
be less perceptible and the following practical formula gives
satisfactory results:

If ¢ = angle of incidence of the wings,

Deviation of stream = (¥ i - 1)

To take a concrete case, if the wings are at 8 degrees
incidence, and the stabilizer is placed at a negative angle of
2 degrees to the chord, then its ineidence will be

(8—2) — (Bi41) =

p 8—2) — (82 +1) =

This deviation has an important bearing in the design of
stabilizing surfaces on the angle of setting between the chord
of the wing and the line of the stabilizing plane.

Problem on the Design of Tail Surfaces to Give
Longitudinal Static Stability

The requirements of statie longitudinal stability may be
briefly stated as follows:

(1) The machine must be in stahle equilibrium at some
angle of incidence, generally the angle of normal flight, say 6
degrees for purposes of illustration.

(2) If the angle of incidence of the acroplane is from any
cause less than 6 degrees, there shonld be a positive restoring
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F1G6. 2. D1aGraM ILLUSTRATING STABILIZER PROBLEM.

moment or stalling moment; if for any reason, greater than 6
degrees, there should be a negative or diving moment.

(3) Within a few degrees of the position of equilibrium the
righting moments should be comparatively small so as to give
flexibility of control.

(4) As the displacement from the position of equilibrium
inercases the righting moments should increase also.

(5) The righting moments should never be excessive and
should never exceed Y43 of the possible moment which can be
excereised by the elevator.

These results can be readily ohtained by the use of a suit-
able negative tail. We shall now take a concrete case of an
unstable orthogonal biplane with a total wing area of 432
square feet; wing seetion R. A. F. 6; the center of gravity of
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TABLE 3.
TABLE JLLUSTRATING COMPUTATIONS IN STABILIZER DESsiGN
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Stabilizer set at —3 degrees to wing chord.
+ moments tending to stall machine.

the machine, as shown in Fig. 2. The loading is such that
the machine has an angle of incidence of about 4 degrees at
a speed of 70 miles per hour. The gap chord ratio is 1.0. The
tail surfaces, stabilizer and elevator are taken together, are
placed at a distance of 16 feet from the center of gravity. It
is required to design a stabilizer to meet the above require-
ments.

We will assume that:

(a) The design of the stabilizing surface is carried out prior
to wind tunnel tests.

(b) The center of pressure motion for each wing of the com-
bination is precisely similar to that of the wing acting alone,
so that L and D forees on each wing may be taken as acting at
precisely the same point they would on a monoplane wing; this
assumption is justified by results of both the biplane and tri-
plane experiments.

(¢) The resultant force on the tail surfaces may be taken
as approximately perpendicular to the moment arm and as
being equivalent to the lift. This is not far from true for an-
gles within normal flight and simplifies our ealenlations enor-
mously. The stabilizer surface is taken as being equivalent to
a flat plate.

(d) The displacement of the vertical through the center of
gravity for varying angles of incidence is neglected.

The machine selected for this problem is shown in Fig. 2
with the position of the center of gravity as indicated. It has
a wing area of 432 square feet. The normal angle of flight
being 4 degrees, it must weigh from elementary considerations
(introdueing .85 as correcting factor for I, due to biplane
effect).

W =K,AV* = .0014 X .85 X 432 X 70" = 2560 pounds

Taking moments about the center of gravity the general
equation for the pitehing moment at any angle is

M =2La— DC + DC'— 16R (1)

Where « is the distance between the vertical center of grav-
ity line and the parallel line of lift on each wing (the wings
assumed to carry equal loads), € and C' are the distances from
the horizontal axis through the center of gravity to the point
of application of the drag forees. The distance of 16 feet is
assumed as the distance from the center of gravity to the point
of application of the resultant force R acting on the stabilizer
as defined previously.

Since, Wig. 2, the distance ' = 4 feet; ¢* = 2 feet; the quan-
tity (b—b) =2 and the equation can be simplified to the
following form:

2(La—D—8R)=M (2)

The lift arm « varies of course with the center of pressure
motion.

Unfortunately no set method of design exists for this par-

Area of stabilizer = 50 sq. ft., Area of wings = 432 sq. ft.
— moments tending to dive machine.

ticular problem. Area of stabilizer and the angle of setting to
the wing chord have to be assumed more or less arbitrarily
until the right combination is found, although each designer
will probably find a short cut method. In two instances after
a number of tentative combinations, the following valnes were
found to specify our conditions fairly well.

Stabilizer, aspect ratio 3, area 50 square feet, angle of set-
ting to wing chord 2 degrees. The K, coefficients for the sta-
bilizer treated as a flat plate can be taken from the curves
given in Chapter 4.
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A careful distinction has to be made between the apparent
angle of incidence of the stabilizer to the relative wind and
the real angle, taking account of the deviation of the stream
in accordance with the formula given. Thus if the wings are
at an incidence of 6 degrees to the wind, and the stabilizer is
at — 2 degrees to the wing chord, the real angle of incidence
becomes

(6 —2)— (V5.6 4 1) = 0 degrees

The computations for the setting finally selected are shown
in the Table 3. The curves of moments due to the wings, the
moments due to the stabilizer, and the resultant moment are
shown in Fig. 3. The conventional method of regarding mo-






Chapter X
Resistance of Various Airplane Parts

One of the most diffienlt problems in aeronautieal design is
the prediction of the total resistance of the machine. The
wind tunnel test is a good check, but it is most important to
assign resistance values to various parts and to tabulate them
prior even to the eonstruction of the model. In this ehapter
have been collected as far as possible all the data available
for bodies, radiators, fittings, wheels, cables and wires and
certain other miscellaneous ohjects.

Airplane Bodies from the Aerodynamical Point of View

If airplane bodies were designed from a purely aerodynam-
ical point of view, they would follow dirigible practice and
be of streamline form. There are, however, a number of
structural requirements which have to be met, which preclude
the employment of such forms. The body must enclose the
power plant and the personnel, the length must be long enough
to place the rudders well clear of the wash of the planes, the
shape of the body must conform to structural requirements
such as the use of four longitudinal girders, or a triangular
form which has been found to be advantageous in steel con-
struetion.

No wind tunnel tests on bodies alone ecan determine exactly
their resistance on an airplane, because the question is com-
plicated by the position and form of the motor, and the dis-
position of the tail surfaces. The propeller in a tractor ma-
chine also introduces three possible variations in drag coefli-
cients: (1) when the propeller is pulling and there is a slip
stream of velocity greater than the airplane velocity, (2) the
resistance on a glide when the engine is shut down, but the
propeller is revolving as an air motor; (3) when the propeller
is not revolving at all, the engine being held.

Tractor Bodies

In Table 1 is given a comparative table of resistance co-
cfficients for area in normal presentation of a number of air-
plane bodies, and in Fig. 1 are shown sketches of the same
bodics. Exact comparisons are impossible because some of
the hodies are made for two men and others for one. Still
qualitative eonelusions ean be drawn. The N, P. L. Model 5,
more symmetrical than the B. E. 3, shows a distinet improve-
ment over the latter which is somewhat discounted by the fact
that the B. E. 3 carries two men unshielded. The B. F. 36,
an almost perfeet dirigible form, is markedly better than
cither of these two hodies.

The resistance of the body in an airplane is apparently a
small quantity, but the figures given below do not represent
the resistance of a body in full fligcht where it is increased by
40 per cent, the propeller slip strcam increasing the relative
speed of the air by some 25 per cent. Also, it must be re-
membered that with a best glide of 1 in 8, a 5-pound increase
in resistance is practically equivalent to an added weight of

40 pounds. A blunt, square form of body such as is often
seen in American practice may increase resistance even more,

Deperdussin

Fic. 1. Tractor BBobDIES.

and better aerodynamical design of hodies seems a feature
worth considering.

TABLE 1,
COMPARATIVE TABLE FOR TRACTOR BODIES.
Coefficlent of resist- Resistance
ance, K where R = for a body
KAV? (A = area of 8 square
in normal presenta- Length feet normal
tion in square feet ————  presentation
¥ = miles per hour; maximum at a speed
Designation. R =drag in Ibs.) depth, of 60 m. p. h,
Bntlsh B. BE. 3 (with 2 men). 7.85 20.7
PR TN odal 58 . 4 Vo it 000420(approx)5 50 12.0
British B. F. 36 (dirigible form) .000258 7.4
Deperdussin (enclosinrg rotary
LT 009 e o 0L B0 abon o800 o 6 .001215 5.6 35.1
TABLE 2.
COMPARATIVE TABLE FOR PUSHER BODIES,
Coeflicient of resistance Resistance
K where R = KAV? for a body
(= maximum area of 8 square
in normal presenta- feet normal
tion In square feet ; presentation,
V = miies per hour S at a speed
Designation. R =drag in Ibs.) Length. of 60 m. p. h.
N. P. L. Model Body 3 (falrly
symmetrical section)........ .000271 3 7.8
Farman 3 (body in form of a
boat, two men unshieided).. .000845 8.2 24.4

Puslier Bodies

A pusher body such as the Farman 3, illustrated in
Fig. 2, gives a not munech larger resistance than the tractor
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bodies, but when the head resistance of the uncovered out-
riggers is taken into account, it will probably be found that

e

Farman &
Fic. 2. A Pusurr Boby.

'S .

pusher arrangements offer considerably more resistance than
tractor bodies.

Radiator Resistance -

The only values available for this are the results of some
tests at the Massachusetts Institute of Teebnology. These
were earried out on portions of a radiator of the honeycomb
type having sixteen 3-inch cells to each square ineh of the
surface normal to the wind. The tests were repeated on two
sizes of radiator section, one 0.25 square feet and the other
0.111 square feet, and at various wind speeds. No important
variation in the resistance coefficient was apparent and the
average coefficient may be used for practical ealeulations.
This has a value K, = .000814 pounds per square foot of pro-
jected area per foot per second or .00173 pounds per square
foot of projected area per mile per hour.

Resistance of Fittings

Fittings are so variable in design that it is impossible to
give definite figures to meet every type of wing strut fitting.
Tests were conducted at the Massachusetts Institute of Tech-
nology on the fittings of which dimension drawings are given
in Fig. 3; the coefficients of resistance are R = .00030 V* and
R = .00040 V* for the two types which at 60 miles an honr

Onter I'ancl. R = 00030 V2,

laner I'anel with Wing ifinge.

R = 00040 V?,

Fic. 3. Firrixes Emrrovep 1N Tests ror HEAD RESISTANCE

AT MasSACIIUSETTS INSTITUTE OF TECIINOLOGY
Crarx 8teut FITTINGS. Hesistance inclides fitling. five turnbuckles
and nuts but not dotled portions ax Imllcated on drawings. Itesistance
fa pounds: Veloclly in iniles per hour.

gives 1.07 and 1.44 pounds respeetively. Sneh figures will be
at least approximately correct in design,

nay give qnite different results.

AND DATA

Resistanee of Airplane Wheels

For a standard airplane wheel of about 26 XX 4 1inehes 1
size, the drag found by the N. P. L. is about 1.7 pounds at 60
miles per hour, This again is sufficiently accurate for prac-
tical purposes. Eiffel has experimented with a number of
wheels and shown that no great variation need be expeeted
from the above value. An important result fromn the Freneh
experiments was the faet that an uneovered wheel had a re-
sistance of 50 per eent more than a eovered wheel of similar
dimensions. This justifies the standard practice of covering
the wheel in.

Resistance of Wires and Methods of Plotting

A certain complication is necessary in the methods of plot-
ting the results for the resistance of eables and wires. As
we have seen from the diagram of Tig. 19, in Chapter 3, of
the Conrse, the resistance of a wire or any cylindrieal body
is partly dne to turbulence, partly due to skin friction. It
cannot therefore be represented by sueh a simple expression as
R = KAV® as for a wing, but by an expression involving

Reynolds’ number, B = KA1” [ (

v
), or if we replaee the
D¥
area of a wire by LD where ) = diameter and L is length
vy

in feet, then R = KLD V* f (

-). Since v, tha coefficient
74

of kinematic viseosity is constant for air, we can simplify this
expression by writing:
R = KLD V' F(VD).

We do not know what the function F(VD) is exaetly, nor
how it varies with size and seale except from experimental re-
sults, and comparisons of resistance varying as LD F° can
only be made between two cables if VD is a constant. If K
is taken as a funetion of VD, then E may be written I =
KLD ¥* but then K must be plotted against VD in analyzing
experimental results. This is the only rational and scientifie
method.

An empirical method, however, is sometimes employed with
fair accuracy of plotting the resistance of a wire whose length
is equal to its diameter against 7> D°. This has the advantage
that the graph approxiinates very closely to a straight line,
the slope of which is equal to X, thus giving an easy means of
determining a mean value of K.

Resistance of Stationary Smooth Wires

The most aceurale researches have been carried out at the
N. P. L. and their resnlts are shown in Fig. 4 plotted against

R

’D. 1In the expression K = . I is in pounds, /. in

LDV?
feet, D in feet, and V in miles per hour. Bat in the abscissae.
values of 7’D, ¥ is in feet per second, and D in feet, so as to
give the correet scale and speed relationships which must be
in the same units.

The aceuraey of the curve nt its lowest portion is donbtful,
since the flow is apparently just changing its natmre at that
point, and successive observations under the same conditions
On 1nodern machines of
fairly high speed, however, the values of V’D nearly always
exceed 0.35 and econsequently, do not lie on this seation of the
eurve.

Similar tests were made by Mr. Thurston and M. Eiffel, and
the values ohtained by the former are plotted in the same
fizure. Thurston's experiments, however. were very much
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earlier, and Eiffel’s covered a less range and were performed
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with less sensitive apparatus, so it is advisable to use the
N.P.L. results.

Resistance of Vibrating Wires

When the question of resistance first began to arouse in-
jerest, it was popularly supposed that a vibrating wire had
much greater resistance than a stationary one. This, however,
is not the case. Research on this point at the N.P.L. failed
to disclose any difference whatever, althcugh the balance
would have shown deviations as small as 3 per cent, even for
the extremely small forces under consideration. Mr. Thurs-
ton, on the other hand, concluded that vibration at the rate
of 15 per second increased the resistance by about 5 per cent
for small wires and by a somewhat smaller percentage for
those of larger diameter. In any case, the effect is unim-
portant.

Resistance of Stranded Wires

The air resistance of stranded wires was also investigated
at the N.P.L., and was fonnd to be about 20 per cent greater
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than that for a smooth wire of the some diameter. This is
only approximate, as the coefficient depends on the number
of strands, type of lay, ete. It is also impossible to plot the
values of K against VD for wire rope, as the VD law holds
good only for objects which possess striet geometrical simi-
larity, a thing which stranded wires of different sizes never do.

Resistance of Wires Placed Behind One Another

The manner in which resistance is affected by the close juxta-
position of two wires, one behind the other, is a point of great
interest. Here, too, it is at present necessary to rely on Mr.
Thurston, although we hope to be able soon to present the
results of some more extensive and accurate tests on this
matter.

Fig. 5 gives, in terms of the resistance of a single bar, the
resistance of two bars or wires separated by various dis-
tances. It will be seen that two wires placed one behind
the other and spaced from 5 to 9 diameters apart, as is usual
in double-wiring a biplane cellule, have from 60 per cent to 75
per cent more resistance than a single wire. The foree is,

K for Limrts

poundsper V D in
OzrsEcT square foot foot second ATTI1TUDE

per mile units

hour units

pherel. M, (.7 .. 0.000445 14 D > 32 —_— <j§

Hemispherical Shell 0.003840 VD>11 —_— > D
Hemispherical Shell 0.008100 VD> 22 —_— C i
Circular Disk...... 0.002820 VD> 22 —— I

Cone Closed Base..[0.001300

Cone Closed Base.. 0.000850

~a[]
<=1

Cone Hemispherical .

Badiee. L, 0.000406 =i 20 I
Cone Hemispherical WIS

Badices . obe 1. 0.000222 — D 2

F16. 6. RESISTANCE oF MISCELLANEOUS OBJECTS
(A¥rreErR EIFFEL)

however, materially less than for the two wires placed side
by side.
Resistance of Inclined Wires

Eiffel bas experimented on the resistance of inclined wires.
As would be expected the resistance of a wire progressively
decreases as its angle with the wind diminishes. Table 3 gives
correcting values.

TABLE 3.

Ratio of resistance to thatofa

Angle of a wire to the wind, wire at 90 degrees to the wind.

90 degrees. 1.00
75 degrees. 0.92
60 degrees. 0.70
45 degrees. 0.46
30 degrees. 0.20






Chapter XI

Resistance and Comparative Merits of
Airplane Struts

Cousiderations of Comparative Merit of Strut Sections

It is naturally desirable that some single expression be
found whieh will give the general efficiency and theoretical
desirahility of any strut section under consideration. This
was first done by the staff of the National Physieal Labora-
tory, who devised what they called the “ equivalent weight,” and

1 ,  we have here employed
v O @ @ m | an adaptation of this
e n © P -8

quantity under the name
| @ @ )( | @

of the “merit factor.”
In deriving this, we
start with the basic as-
sumptions that the
speed of the machine is
60 miles per hour, the
gliding angle 1 in 7,
and the average width
of the struts about 1
inch (the exact breadth
assumed depending on
the form and strength
of the section).

Then, since gliding
s h 5 o8 W -
ATEY T e L angle =4-, every 7

TMe. 1. OGILVIE’S SECTIONS
pounds of strut

weight will give rise to 1 pound of resistance, in addition to
the aerodynamie resistance of the struts.t We can, therefore,

! 114
write T=-7—- —+ R, where T = thrust due to the struts, and

R is their acrodynamic resistance. Simplifying, we have
C = W - TR, but, since this expression has a maximum value
for the least efficient strut, the reciproeal is here employed,

14300
W+7R

The best strut nnder the conditions above specified is then
the one showing the highest value for C. The reason for
choosing this particular value for the multiplier is that it
makes ¢ = 100 for the best strut of the first and largest series
which we shall consider.

If the speed of the machine for which the struts are being
sclected is greater than 60 miles an hour, the resistance be-
comes of greater importance as compared with the weight,
and the merit factors for those seetions which, although lLeavy,
offer very low resistances are relatively improved. If the glid-
ing angle is flatter than 1 in 7, a similar effect ensues.

On the other hand, if it becomes nccessary to use struts
having a diameter of more than 1 inch or thereabouts, the ad-

and multiplied by the constant 14300, giving C =

+ Relationships between weight and resistance on a glide will be
fully considered In Section 12,
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vantage ineclines toward the sections which have the greatest
strength for their weight, and the relative importance of re-
sistance is diminished, sinee, in similar sections, weight varies
as the square of the breadth and resistance only as the first
power. These effects are, however, of slight importance, and
would not be likely to change the merit factors enough to have
serious influence on the choice of a section in any given case.

The question of strength will be taken up more fully in
another section of the course. It will suffice to say here that
the strengths of two struts have been eonsidered to be equal
when their moments of inertia about their longitudinal axes
are equal.

Strut Sections Developed by Ogilvie

We may now proceed to the examination of definite data for
a number of series of struts, tested at various times and places.
The following figures are the result of experiments performed
at the N. P. L. at the snggestion of Alec Ogilvie, the sections
being illustrated in Fig. 1.

I = moment of inertia for the section in question about its
longitudinal axis (inches* for a strnt 1 inch wide).

R = resistance in pounds of 100 feet of strnt 1 inch wide at
60 miles per hour.
W = weight in pounds of 100 feet of spruce strut 1 inch
wide. ’

b = width of strut whose strength will be equal to that of a
strut of seetion @, and 1 inch wide.

W’ = weight of 100 feet of spruce strut of width b.

C,, = merit factor at 60 miles per hour.

No. I R w b w Ceo
a 167 104.4 41.6 1.00 41.6 19
b 049 81.9 16.4 1.36 30.3 18
¢ .090 59.2 30.4 117 41.6 27
d 124 36.9 34.8 1.08 40.6 45
e 074 63.0 33.4 1.23 50.6 24
g/ 134 28.6 37.7 1.06 42.4 56
g .094 54.9 30.0 1.15 39.7 30
h 119 12.8 39.7 1.09 47.1 99
i 127 12.8 41.0 1.07 47.0 100
’{ 119 13.5 39.7 1.09 47.1 96

111 13.5 38.0 111 46.8 94
i .106 29.9 36.4 112 45.6 51

m .106 45.9 36.6 1.12 45.9 35
n 71 14.2 51.9 0.99 50.9 97
] 146 13.6 47.0 1.03 49.9 97
p 128 18.7 44.1 1.07 50.5 75
q .245 15.1 71.0 0.91 58.9 93
£ 227 16.4 67.2 0.93 58.1 87
3 194 13.5 62.0 0.96 57.2 97
t .209 13.5 66.1 0.95 59.7 95
“© 115 24.6 42.5 1.10 51.4 59

Many very interesting conclusions ean be drawn from this
table. In the first place, it is evidently of the utmost im-
portance to avoid rapid changes in curvature. Several sec-
tions, notably, e and I, although they appear to have a very
smooth outline, oppose a large resistance simply because the
transition from the entrance to the run is so abrupt that the
air-flow cannot follow its eontour. and violent eddy-making
ensues.
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The good performance of several sections so formed indi-
cates that it may he wise actnally to run the sides of the strut
parallel for some little distance, as illustrated by ¢ and t.
This is counteracted, however, by the faet that skin-frietion
increases in proportion to the “ wetted surface” of the strut.
It is for this reason that the very longest sections did not give
such low resistances as those of more moderate form. This
matter of the ratio of length of section to width will be dis-
cussed more fully somewhat later, in connection with another
series of tests.

It will be seen, too, that the resistance is little affected by
the chopping off of a portion of the tail in such a manner as
to leave it straight across. Fxamples of this are furnished
by n, t and i. This is due to the fact that it has not been pos-
sible in any strut yet designed to totally eliminate the region
of deadwater hehind the strut. As will be evident from any
section of air-flow ahout a fair-shaped section, the lines of
flow always leave the contour of the strut some distance short
of the extreme rcar. Sinee no changes made in the contour
within this region will have any decided effect on the re-
sistance, it avails nothing to go to the trouble and expense
involved in the attempt to coustruet a wooden strut running
out to a sharp point at the hack.

Another Series of Struts Tested at the N. P. L.

At ahout this same time another series of struts was tested
at the same lahoratory, the sections being those actually em-

G e > 5

Blerlot Farman

R

D¢ Haolltand Beta
Pt R
8.F. 34

Baby
F16. 2. STRUT SECTIONS
TesTep AT N. P. L.

Fi16. 3. N. P. L.
STRUTS

ployed in machines then existing. The outlines of the sections
tested are shown in Fig. 2, and the characteristies are given

below.

Name, 1 R w b w Cao
Bleriot A.... .070 51.0 20.0 1.24 40.0 30
Bleriot B.... .107 52.7 34.9 112 43.8 31
Farman .... .074 49.3 25.2 1.22 37.5 31
De Havilland. .052 64.9 20.5 1.34 36.8 26
Baby ....... .110 17.0 41.06 1.11 515 8
B.F, 34...... .279 15.5 93.2 0.88 72.0 85
By 35...... .288 13.5 89.7 0.92 76.0 NS
Beta ........ .188 14.8 61.7 0.97 n8.0 20

It will be seen that these figures simply supplement and
confirm the conclusions already deduced from the more exten-
sive and systematic investigations directed by Mr. Ogilvie.

Tests on Struts, Length to Width Varied

As a result of these and other tests, a series of struts em-
bodying the best features of those already tried, and varying
only in the ratio of length of section to width, was made and
tested at the National Physical Laboratory. Three represents-
tive members of this series are shown in Fig. 3. The table
below gives the eharacteristics of these struts, the meaning

of the symhols being the same as in the tables alrcady given,
except that n = the ratio of the length to width of section.

n '$ R w b w Coo
2. .094 24.8 32.0 115 42.3 59
2.5 17 13.7 40.0 1.09 47.5 04
3. 141 13.4 48.1 1.04 h2.1 96
3.5 164 11.4 66.1 1.00 50.1 105
4. .188 11.2 64.1 0.97 62.2 103
4.5 .211 11.7 721 0.94 67.8 99
5. .235 121 80.1 0.92 73.7 94

Thus it is apparent that the best of these sections are mate-
rially superior to the best of the scctions tested by Ogilvie,
both in resistance and in merit faetor. In Fig. 4 resistance of
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100 feet of strut at 60 miles per hour, and merit factor at 60
miles per hour, are plotted against ratio of length to width.
As this ratio diminishes, the air-flow about the strut takes on
a very uncertain character, and the values when » is less than
2 are rather doubtful. Such extremely short seetions as this
arc also undesirable from the standpoint of lateral stability,
as will he shown in another section of the Counrse. On the
other hand, » may be considerably greater than the absolute
optimnm value without any great disadvantage, so it will he
well in general to employ a ratio of four, or cven a slightly
higher figure. The photographs of flow about strut sections.
reprodueed in Tig. 5, show elearly why such a procedure can
be safely adopted.

Two Eiffel Struts

Two struts of sotaewhat the samme section as those just dis-
enssed have recently been tested by Liffel, and show remark-
ably low resistances. Their outlines are given in Fig. 6. For
No. 1, having n equal to 3.23, R equals 9.7 pounds, while for
No. 2, with a somewhat sharper entry, n is 2.96 and I is only
8.7 pounds. Part of this improvement over the best of the
English tests, however, is undonbtedly due to the higher wind
apeed which is secured in Eiffel's laboratory, the resistance
coeflicient having a tendeney to rise as the speed of test 1s
decreased.
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Effect of Length of Struts

We now turn our attention to the effect of the length of
the strut. While this point is less important than was gen-
erally supposed a few years ago, and while its effects are
largely determined by the nature of the surfaces in which the
strut terminates, the experimental results hearing on the mat-
ter should nevertheless be studied. Xor this data we are

indebted to Mr. Thurston, who has deseribed his results in
the series of articles already cited. As the result of a great

nel would be exeeedingly diffiecult to devise. The matter might
well be investigated in an ontdoor, full-scale plant such as
that at St. Cyr.

Resistance of Inclined Struts

The only point which remains to be studied is the resistance
of struts which are not normal to the line of flight. Some
mueh more recent tests by Mr. Thurston have covered this
point, and show very surprising results. Struts of square,
rectangular, ecircular, and stream-line section were tested at
angles from 0 to 90 degrees, and the effects of the ends of the
strut offering a direct resistance when inchined were overcome
by the use of the method of differences: that is, tests were
made first on a strut 34 inches long, and then on one 16
inches long, the difference of the figures obtained being equal
to the resistance of an 18-inch section of an infinite strut.

The ratio of the resistance of a strut ineclined at various

Basy

BETA

De HAVILLAND
16, 5. ILLUSTRATING Frow AROUND STRUTS

many experiments on manifold different types of strut, he
eame to the coneclusion that resistance for a strut with free
ends could best be expressed by the formula B = KitV'—
.0073t'V?, where R is the resistance in pounds, ! and ¢, re-
spectively, the length and thickness of the strut in feet, K a
constant, and ¥V the spced in miles per hour.

It is evident from this equation that, even with the lowest
valnes of K yet ohtained, the effects of length will be prae-

N S

Fig. 6. Two EirreL STRUTS

tically negligihle when the length is more than 50 times the
thickness, as it generally is. Since, in addition, the case of a
strut with free ends is one which never ocenrs in practise,
resistance may he considered as independent of length-thick-
ness ratio for all the purposes of design.

The form of air-flow ahont the wing may have very decided
effects on the resistance of interplane struts, but we have no
means of knowing how great these are, and experiments cover-
ing this point and susceptible of performance in a wind tun-
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angles to the resistance of a normal strut of like section and
equal projected length is plotted in Fig. 7. It will be seen
that the resistanee at 30 degrees to the wind is less than one-
third of that at 90 degrees, and this large difference is by no
means accounted for by the difference in length of section
parallel to the wind. When a ecircular strut is placed at an
angle of 30 degrees to the wind, the section parallel thereto
is an ellipse having a length of twice its width, and the resist-
ance of an elliptical strut such as this, when placed normal,
is only 36 per cent less than that for a ecircular section.
About 45 per cent of the reduction due to inclination thus
remains unaeeounted for.

Since, however, the curve of reduction is substantially a
sine curve, and is therefore very flat at the ends, there is
very little advantage to he gained from ineclining a stream-
line strut unless it is inelined at least 30 degrees to the nor-
mal. This reduced resistance should, however, be kept in
mind as a point in favor of the staggered biplane. KEiffel
also made a few tests on struts inelined 30 degrees from the
normal, the results checking very well with Mr. Thurston’s.

The Effect of Changing the D}V Product for Struts

As was shown in Chapter 10, the resistance coefficient is
not an absolute eonstant, but is a ftunetion of V1), wherve
I” is the speed and D the diameter of the strut. The coeffi-
cient tends to decrease as 1°D increases, but the change for
values of "D (in foot/second units) ahove 6 is extremely small,
as Eiffel has demonstrated. The tests made at the National
Physieal Laboratory have heen made with a value of VD
equal to only 2.5, whereas, in an actual machine, this quantity
would never he likely to fall below 5, and is generally from
7 to 10.






Chapter XII
Resistance and Performance

Nomenclature

+ It may be useful to restate the symbols which we employ
in considering performanee curves, ascent and descent.

W = weight of the machine:

A = area of the wings.

¢ = angle of iucidence of the wings.
ea—lific.
K, = lift coeffieient.

D = drag of wings.
K, = drag eoefficient.

R = resultant of lift and drag on the wings.
P = parasite or strnctural resistance of a machine.
D; = total resistance or drag = D 4 P,

R; = total resultant air forece on a machine.

II = propeller thrust.

0 = angle of flight path with the horizontal.

Structural and Wing Resistance for the British B.E.2

Iu €hapter 4, a problem was worked out on the sustentation
and resistance of wing snrfaces, which in spite of some rough
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assumptions, illustrafed the main performance curves and eal-
culations employed. In TFig. 1 are shown curves for the Brit-
ish B. E. 2. Tt is not a partieularly modern machine, but has
been worked out so thoroughly that it deserves particularly
careful study.

The body or parasite resistanee which ineludes the resis-
tance of the wing bracing, chassis, ete., as well as the resistance
of the body proper, is taken as varving as 7 and allowance
has been made for propeller slip strecam velocity. The body
resistance is seen to play aun unimportant part at low speeds.
But at about 53 miles per hour it beeomes greater than the
plane or wing resistauce, and at high speeds it is alimost twice
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as great as the wing resistance. This emphasizes the imqu-
tance of minimizing the resistance for a high-speed machine.
However good a wing section itself may he, high structural
resistance will make high speeds impossible. ,

The plane resistance curve has a minimum valne at about
65 miles per hour aud increases on cither side of this speed.
It is interesting to follow out how this inerease in resist-
ance on either side occurs. At high speeds, the angles of
incidence and the drift coefficients are small but the speeds
are very great, and the increase in wing resistance is obvious.
At small speeds on the otlier hand the airplane is flying at
large angles of incidence to give the necessary sustentation and
the drift eoefficients are large. The shape of the total re-
sistance eurvé follows from the summation of the two. ¥

Theorctical Laws for Minimum Thrust and
Minimum Horsepower

From a theoretical treatment of the question, the following
interesting law has been derived:

Minimum thrust is required to overcome the resistance of an
airplane when the parasite resistance is equal to the drag of
the wings.

For a proof of this law, reference to Chassériand and
Espitallier is appended. In the case we lave selected, illus-
trated in Fig. 1, the structural air resistance and the wing
drag are equal at a speed of 53 miles an hour, while the
minimum resistance is at 49 miles per hour. The law does not
seem to be horne out by practice, though it may be oecasion-
ally useful as a rough check.

The minimum horsepower required generally oceurs at a
low speed, but not at the minimum speced; and its position
will vary for every machine. Another theoretically deduced
law states that:

Minimum horsepower is required when the machine is mov-
ing at a speed at which the wing resistance is three times the
body resistance.

v This law is often highly inaecurate, but may be useful.

Effective or Propeller Horsepower Available Curve

Typical curves for these are also illustrated in Fig. 1, and
are of the greatest interest to the designer. In establishing
sueh curves it is generally assumed that the engine is running
at the rated revolntions per minute and that in designing the
propeller the efficiency for this revolution per minute at every
airplane speed is known. Thus assuming an engine which
delivers 140 horsepower at an airplane speed of 80 miles an
hour, the propeller having an efficiency of 75 per cent at this
speed. the available horsepower will be

140 X 75

100 = 105 horsepower.
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Sinece the power of a propeller is given by the produet of
its thrust into the speed and the speed of the propeller is the
speed of the airplane, it follows that when the propeller is
delivering sufficient power, it is also delivering sufficient
thrust. Henee propeller horsepower available is suffieient for
all ‘practical consideration, and propeller thrust eurves need
not be included in a performance chart.

Minimum and Maximum Speed; Maximum Excess
Power; Best Climb; Descent

The maximum and minimum speeds of an airplane are gen-
erally given by the two points of interseetion of the propeller
horsepower available and the total horsepower required. If
the machine is bighly-powered, and the propeller efficient, the
two eurves may not intersect at the speed at which the lift
becomes insufficient, and the airplane wounld elimb at stalling
angle, unless the engine is considerably throttled down. The
climb decreases the angle of incidence, and ehecks stalling.
It is thus a decided advantage to lave excess available power
at high angles.

It is & simple matter to deduee the speed of climb from the
excess power. This is absorbed in raising the machine.
Total weight XX elimb per second

550

The maximum excess power does not oceur at the lowest
speed. To find it, we must measure the maximum ordinate
between the available propeller horsepower and the iotal re-
gnired horsepower. In Fig. 1 this is to be found at 48 miles
per hour. The exeess is 21 horsepower and the weight of the
machine is 1650 pounds.

21 X 550
1650

ute. This is, however, only the initial rate of elimb. As the
machine rises, the density of the air, the power of the engine,
and the c¢limb gradnally diminish.

In practice, the pilot need not know the clhange of in-
cidence that he produces to elimb, althongh for a given ma-
chine it is an easy matter to ealculate the correet angle from
the performance curves. In Dr. Hunsaker's words, “a care-
ful man moves his elevator slowly until he has placed him-
self on the desired trajectory.” Part of the art of aviation is
to do this without exeeeding safe limits, for obviously there is
a limit to the rate of climb the engine can handle. If the
machine is put on a elimb too steep for the power of the ma-
chine, the speed is suddenly lost, the eontrols become ineffee-
tive, and the machine has stalled.

In deseent, very analogous econsiderations obtain. The
pilot decreases his angle of incidence to a negative valne. At
this angle the speed required for sustentation is beyond that
of the maximum, and the propeller horsepower is insufficient.
If D = deficieney in borsepower,

Excess power =

Climb = = T feet per second or 420 feet per min-

_ Total weight X veloeity of deseent.

Ly ' 550

The machine deseends and gains the required speed under the
aetion of gravity.

D

The Two Regions of Control. Control by Throttling

Consider the performanee eurves of the same machine, the
British B.E.2 ghown in Fig. 1. Suppose the machine to be
flown at 10 degrees at the point M with the engine throttled,
so that there is equilibrium, and the power enrve is as shown,
26 horsepower. The pilot wishing to rise will naturally in-
erease his angle of incidence to say 12 degrees. Ile will then
require 30 horsepower while the throttled engine will deliver
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even less than the 26 horsepower through the propeller. In-
stead of rising the machine will fall.

Snppose now that flying at the same point and under the
same conditions he wishes to deseend, and decreases his angle
to 8 degrees. He will now have an exeess of power of 3
liorsepower as can be seen from the eurves and will aseend
instead of descend. There is therefore a region of reverse
controls, known to French anthors as the régime lent.

At the point M, when the pilot wishes to rise and in-
ereases his angle of ineidenee, he does indeed obtain excess
power and rises. Here the controls are normal and the region
is known as régime rapide. For an inexperienced pilot the
régime lent is dangerous. Even if he knows the angle of in-
cidence at which he is working, he is likely to get into diffi-
culties.

With a flexible engine, an expert pilot ean operate an air-
plane in the slow speed region by manipulation of the throttle
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alone. In Fig. 2 the propeller horsepower available is shown
with the engine throttled down to various speeds for a design
taken from Dr. Hunsaker's pamphlet, to which reference is
appended. For each speed of the engine there is a different
maximum and minimum speed of the airplane, and a different
speed range. If the airplane is flying at the minimum speed
in the régime lent region at a certain revolution per minute,
the pilot ean by unthrottling his engine pass to a larger speed
range, obtain exeess power and climb without changing his
forward speed or angle of ineidence. When an engine is
throttled the danger of reversed eontrols is still greater, be-
eause the speed range becomes so very small. [Fven the best
of pilots may mistake his position on the eurve.

In French airplane contests, n preminm has been placed on
low speeds, and the régime lent with throttling has been
largely and sneceessfully used. Sueh operation does not seem
advisable for ordinary flying.

Variations in Propeller Horsepower Curves

We will now eonsider the possible variations in performance
by ehanging the design of the propeller from a high speed to
a climbing propeller. In Fig. 3 the B.E.2 is again illustrated.
The power required eurve remains the same. By suitable
design the propeller efliciency curve ean be ehanged so as to
give maximum efficieney nt varying speeds. The design of a
suilable propeller cannot unfortunately be detailed here.

TFor the propeller with Effieieney Curve 1, the maximum
efficieney i3 at high speed, and the Horsepower Available
Curve 1 shows that such a propeller will give a high maxi-
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mum speed. It is a high speed propeller when applied to
this particular airplane.

For the propeller with Efficiency Curve 2, the maximum
efficiency occurs at a lower speed. Such a propeller will give
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Fig. 3. VaAriATION OF PERFORMANCE WiTH CHANGE IN PRO-
PELLER DESIGN

a smaller maximum speed, as can be seen from Horsepower
Available Curve 2, but a greater excess power. It will be a
2limbing propeller. There are many such variations pos-
sible for any machine,

Angle of Glide

The best L/D for a wing section may be in the neighbor-
bood of 14 or 15. But the parasite resistance of a machine,
i. ., the resistance of the body, wing bracing, ete., increases the
drag to such an extent that the L/D; of the whole machine
may be reduced to 7 or 8. It is this value of Z/D; which de-
termines the angle of glide of a machine,

In Fig. 4 is shown a machine which is gliding with the
engine shut down so that the propeller exerts no thrust, ¢ be-
ing the angle of incidence, and 0, the angle which the machine
niakes with the horizontal line, being the angle of glide. Re-

solving forces perpendicular to and along the line of motion,
the eqnations of eguilibrium for steady glide are:
Weosd=1L (1)
Wsin0=D;,=D-+P (2)
The angle of glide is therefore given by the eguation

D 3)

tan @ = I,
and has its maximum value when D;: is a maximum.
The minimum angle of glide is also termed the “ best”
angle of glide. At a given bheight above the ground, the

Center of Gravity

L =W Cos @

WSing= D+P
F1c. 4. FORCES ON AN AIRPLANE IN A GLIDE

forward displacement of the machine before landing varies as
cos 6 and will be a maximum for the smallest value of 6. The
pilot has at this angle the greatest radius of action when de-
seending from a height with his engine shut off.

The angle of glide for any machine at any speed can be at
once obtained from the total resistance enrve for D; and the
weight of the machine, assuming I = W which makes a com-
paratively small error. In Fig. 1, the angle of glide is shown
for all speeds of the machine in question.

References for Part I, Chapter 12
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Chaster XIII

Resistance Computations — Preliminary Wing
Selections

Example of Estimate for Parasite Resistance
for a British Machine

The B.E.2, mentioned in Chapter 12, will serve as an ex-
ample of the estimate of the total parasite resistance of a
machine. The estimate was arrived at by the Royal Aireraft
Factory after the most careful tests, both at tbe N. P. L.
laboratory and in full flight, and is given in Table 1.

TABLE 1.

B.E.2: WetonT. 1650 Pouxps: 372 SQUARE FEeT BirraNe Surrace; 70 1orsk-
POWER ENGINE.

Estimated parasite resistance at 60 miles per hour.
Value in pounds

per square foot of
projected area.

Resistance
Part, Whence obtained, in pounds.

Rudder and elevators.............. oo
lABoi‘ly with passenger and pil

++ N.P.L. Test

Wing, akids, wiring, plales,

step, ailencers, etc....... Estimated

Exposed ta a slip stream of 25 feel per second, for an airplane speed of 60 miles per
hour, t. ¢., 83 feel per second.

, RIS TR o E OO0 a0 00t i o 0 coBoo o0 L} 40.
@ MY WF...... . ... 0 st bt S - B 1.4
bR TG L PINERRRORR e SO N SR TR AR R .8
L A . ST R T [ Teee—— Y Y 6.7
YT, ... .00 LT e TR T e 1)
Rudder sad elBnabor, % . L Bl e oS e e ST i s e AR 2.0
T s, RIS DR < o) T A e T e 5
(T R N U N o o 2.0
55.8
In alip stream resistanceinereased 0. .. .. ..........0..viiiinnnnron 91.5
WoalRAD . . ....0 .0 %0 s o Pk .. ot 35.7
Totl.oc. oo oo mmildom sl EAEEEERETL 140.0

One of the most interesting features of this resistance esti-
mate is the allowance for slip streamn. The parts of the air-
plane included in the slip stream are, of course, taken within
the area swept out by the propeller. The speed of the machine
is 60 miles per hour, i.e., 88 feet per second, and the slip
stream is 25 feet per second, i.e., 28.4 per cent, inereasing the
resistanee of the parts involved by some 65 per cent.

Examples of Parasite Resistance Distribution
in School Machines

Table 2 furnishes useful estimates of parasite resistance
distribution for a number of standard school machines. The
slip stream velocity has been taken as 15 per cent of the air-
plane speed, giving an increase in resistance of 32 per cent
for the parts exposed to it.

Discrepaneies in these values arise from a number of causes.
The Martin bas interplane ailerons, and the other machines
have wing flaps. The Curtiss has a water-cooled motor with
radiator in front. The machine designed at M. I. T. has a
radiator above the upper wing. The Curtiss has a two-wheeled
landing gear, while the Martin has a third wheel in front.

TABLE 2,
Percentage of Parasite Resistance.
.
T 3 A 5 3 5
ZEE =3 = &g =g Lo 3
= 2 £ & ] gL £
co . S@ 2 8 = &= &
5% 9 - . 8 ;2 S s b
3E5E & = g 53 £
2Ee8 v = 22 3 2. K
S g @0 S S (] . £
: B8 FE & £ Sz Sod
~ 2.2% < o £E 3 £3% o=
8 £%2 Bg £ 2 £¢ goe NEE
£ hrd - - =] <
ER T B R R L
= B82E i o ZE <2 @E.  £3
Curtis 90 h.p.,
two plaece, 1893
Ibs. tractor...... 39.5% 10.5% 17.5% 28.5% 4.0% P =.0351t 1261bs.
Martin, 1800 lba.,
70 b.p. Renault.. 2889 18.7% 14.1% 14.7% 22.7¢ P =.042¥3 151 |bs.
90 h.p. biplane,
1850 Ibs., tractor,
designedatM.1.T. 36.0% 15.1% 1889% 266% 3.5% P=.0321%1151bs.

Two tractor machines, carefully designed by students at the
Massachusetts” Institute of Technology, gave the following
figures:

Parasite Resistanee  Allowing Resistance
Weight . Coeflicient, 109, inerease at
Type. inlbs, Engine. Vinm.p.h. [(orslipstrenin. 60 m.p.h.
Tractor Biplane
Reconnaissance. 2300 120 h.p. P =040 V¢ 041 1 158 Ibs.
Traetor Biplane
Reconnaissance. 2885 125 h.p. P =,0485 1t 0530 1t 191 1bs,

Parasite Resistance Coeflicient for a Sturtevant Seaplane

For a Sturtevant seaplane, weighing 2650 pounds, with a
140 horsepower engine, and wherc parasite resistance, on ae-
count of the floats, is higher than for a land maechine of the
same weight, the struetural resistance is estimated as being
given by the formula P = .0532V%, and 10 per eent inerease
on all the parasite resistance is allowed for, bringing up the
value to P = 057677 or 212 pounds approximately, at 60
miles per hour.

Allowance for Slip Stream

The question of slip stream velocity is one of great com-
plexity, and, in the present state of kuowledge, it does not
scem advisable to enter into very ecomplicated caleulations
when working out perfurmance eurves. The estimated figures
given for the various Amnerican machines seem to be very well
borne out by tests in the fleld. The British allowance for slip
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stream increase was 28.4 per cent, and the ome given by
Ameriean practice is 15 per cent. It would be safe to say that
if for the parts of the machine, within the area swept out by
the propeller, the speed is increased by some 20 per cent, and
resistance of those parts increased by some 44 per cent, a
sufficiently accurate estimate will be made.

The other method adopted of inereasing the total structural
resistanee by some 10 per cent to allow for slip resistance,
though not so rational, has the advantage of being simpler,
and is still in accordance with tests in the field. For a mono-
plane, where the parts exposed to the slip stream bear a larger
ratio to the rest of the machine, an increase of 15 per ecent on
the total structural resistance is probably advisable.

Preliminary Estimatcs for Parasite Resistance

In making preliminary estimates for a machine, a really
difficnlt point is the allowance to be made for parasite re-
sistanece. Some authorities allow for the parasite resistanee
by finding the resistance of the body and multiplying it by
four for a biplane and by three for a monoplane. Sueh rules
can only be roughly eorrect, and it is best to refer to data for
standard maehines and seleet parasite resistance coefficients
of a maehine of similar type and weight. The fignres given
in this section will be sufficiently accurate for a preliminary
design.

Preliminary Selection of Wing Section and Area

A great many ingenious methods have been devised for the
selection of eorreet wing scetions and areas for the preliminary

design of a maechine whose engine-power and speeification are
given. Eiffel, among others, has developed a very complete
system. It seems best, however, to employ the simplest and
most straightforward trial and error methods, based on the
following rules:

(1) From a consideration of standard praetice, seleet the
loading per horsepower and hence weight of the machine.

(2) From a consideration of standard practice, seleet the ap-
proximate loading per square foot.

(3) From some such eonsiderations as those given in Chapter
IV seleet two or three wings which are likely to give the
qualities desired.

(4) Assume a parasite resistance ecoeffiecient which from a
standard praetice is likely to apply to a machine of the
type and weight in question.

(5) Draw up a number of performance eurves varying:

(a) Wing sections
(b) Area for each wing section
(e) Assumed propeller effieiency eurves.

Some data on standard practice will be given in the Second
Part of the book, and the above rules will be applied to the
design of a standard machine.

References for Part I, Chapter 13

Barnwell’s ‘ Aeroplane Design.”
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Chapter 1

Classification of Main Data for Modern Airplanes
Unarmed Land Reconnaissance Machines
Land Training Machines

The Army Classification

Construetors in America have hitherto mainly developed
one type of airplane, the tractor biplane reeonnaissance ma-
ehine. But with the rapid development of military aeronau-
tics, airplanes are evolving into distinet elasses, just as the
component vessels of a fleet. The memorandum on “ Military
Airplanes,” prepared by the office of the Aviation Seetion of
the Signal Corps, offers the most authoritative classification,
and one which construetors must of neecessity follow very
closely. It suggests six distinct types, which we shall study
as closely as possible, within the limits of data held eonfidential
by manufacturers. (I) Land Reconnaissance Machine, used
when there are no enemy airplanes; (II) Land Primary
School Machine; (III) Land Advanced School Machine; (IV)
Land Gun Carrying Machine, (V) All-round Twin-engined,
Land or Water, (VI) Land Pursuit Type.

Unarmed Land Recounaissance Machine

For this wmachine, the memorandum gives the following
figures:

TABLE 1.

Unarmed Land

Reconnalssance
\Iachme
BTSRRI OIAL T Her-f= = o cvage s = = one s e o Sl e WY ¢ sle e 130
B P WY G e SR L L R W oL oo e Tractor
R T & T T~ 2
IR JORAADONNAS . « o e o v e 0o oo materas othe Toke « o delein ol o' 475
Fuel load. ponnds ..................................... 450
Miles vadlus of action, fulI powm ........................ 415
GBSO DN teS. S feat. . o .t ol e t s Pl e 3,400
ITigh speed, miles per hour .......... ook o B ABRTEE Sril - 82
Low speed, Miles PEr HOUL. s et vvenevturneeernneeennanns 46
B I TR . . - s e g e e e gk M o e Bl 1
Porcentage MAde 10 WK .o eeenreerreresnnenncnnnnns, 2

{Gross load is well over 2,500 poundq for this tvpe)

The memorandum deals very unfavorably with this type of
machine, which forms, as we have said, an important part of
American construetion. It is said to be a false development,
suitable only for use against an enemy who has no airplanes.
Possibly useful for long-range reconnaissance, it will be out-
matehed in warfare by the armed “pursuit” type and the
large armed twin-engine machine. For short ranges the pur-
suit type will surpass it, for long ranges the larger machine
may be not quite so rapid, but will have a greater radius of
action. A earcful studv of these views would lead one to
believe them correct and in accordanee with developments
abroad.

Analysis of Main Data for Representative Unarmed
Reconnaissance Biplanes More Than 2500
Pounds Gross Weight

In Table 2 are given the main dimensions and perform-
anees of a number of representative machines. Such analysis

i

ii

and the empirical rules to be derived from it are invaluable
in the preliminary stages of a design, and enable the designer
to avoid misleading rough estimates of weights and dimen-
sions.

TABLE 2.

MaIN DATA FOR TwoO-SEATER TRACTOR BIPLANES OF THE UNAAMED
RECONNA1SSANCE TYPE OVEa 2,500 PoUNDS IN WEIGHT., RECENT
EXAMPLES OF CONSTRUCTION,

Machife % . | SN, Standard Curtiss Wright- Sturtevant Wright-
R-4 Martin V S Martin R
Engine .......... Hall-Scott Curtiss Hispano- Sturtevant Ha]) S(’ott
A-5 Suiza ,‘
Hoxsepower ........ 135 200 150 140 100
Number of eylinders. 6 8 S 8 6
Revolutions per min.. 1,250 1,400 1,450 2,000 p L% 375
Gasoline tank capac- 68 160 an A 050
L7 R DM N gallons gallons vaiions
Eudurance in hours.. 6 5.42appr. 6 4.84
Maximnm speed, miles
DEr houtls K. .o:'ds 90 S6 S6
Minimum speed miies
peshomr. . 5. . % 48 42 47
(‘hmh in 10 mirutcs,
fee . 3,400 4,000 3,500 3,500
Plopo]ler diameter(two
BIIAEE) T d e« oA o O 8 4" Feas! SEa
Weight loaded, pounds 2, 700 3,243 2,310 2,550 2,880
Weigbt bare, pounds. . 1900 2228 1,725 1,850 1,905
Useful load. pounds. S00 1,020 905 700 082
Percent useful load. . 29.6 31.4 34.2 27.4 34.2
Weight per liorsepow-
er in pounds...... 20.0 16.21 16.86 18.2 19.1
Welght per square foot
wing area in pounds, 5.08 6.42 5.86 4.64 6.25
Overall iength....... "0 29’ 0"’ 277 2% 1 26" 8~
Mean span of \nna/
length 1.41 1.49 1.3 1 (‘3 1.64
ng section R A6 R AT 6 Voug ht4 R.A F Ao
Upper span.. 40’ 1" 4‘3’ 4%" 39’ S‘/;” 49' h" 50’ 8”
Upper hord 6’ 6 ’ S 5 e
Upper aspect ratl 6.2 7.9" 9 25
Lower span......... 40’ 1 38' 51/;,” 39’ 1/2" 39’6’7 36’107
Yower 6’ 6 6’ 3 i (5 6’ 3" 5’ 6’
Lower aspect rati 6.2 615 6 95 6.32 6.6
(0 o o, Ao N 6’ 6" 6’ 2 5 77 6’ 3" 6’ 0”
Gap, lower chord.... 1.00 0.98 0.98 1.00 1.09
Total area of wings,
including ailerons,
in square feet..... 532 5035 430 540 458
Area of rudder in
square feet....... 10 16.5 12.37appr. 15 8.7
Area of vertical fin
in square feet.... ) T SAPDERE . o6 7.3
Area of elevator in
square feet........ 23 27.5 24
Area of stabilizer in
square feet........ 32 40.5 51.2 (ele- 28 53.21
. vator and sta- (elevator and }
bilizer) stabilizer) |
Ailerons upper wing. 31 33.8 32.3 9 48
Ailerons lower wing. 31 0.5 3.3 a0
Type of fuselage..... Reetan- Rectan- Rectan- 'Trian- }
gular gular gular aular
Dibedral ........... 3° 3° 15" L 9
Sakker . o, . 0k »* 5° appr. 1ft. None  20.47%])
chord length §
Sweepbaek ... beve 10° None None None None

Average Valies for Machines Over 2500
Pounds in Weight

This group is composed of excellent, eontrollable machines
very similar in eharacter. Tt is therefore possible to draw
some fairly definite conclusions.
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(a) Average gross weight, 2737 pounds.

(b) Average wing area, 493 square fect.

(e) Average horsepower, 155. The latter figure is consider-
ably increased by the inclusion of the Curtiss R4 with its 200
horsepower engine. There is a tendeney to give higher power
to this elass, with eorrespondingly better performances.

(d) Average endurance, 5.65 hours. This figure is probably
a very fair value of the endurance possible if good climb is to
be maintained. It should be noted that it would be possible
to take up much more fuel, and not decrease the speed; in fact,
to inerease it slightly. At the samc time, minimum speed
would be increased.

(e) Average weight per horsepower, 18.1 pounds. "The
Curtiss lowers this average value, and is an indication of wbat
will follow when lighter new engines, such as the vew Thomas
and Sturtevant, enter into construction.

(f) Average weight per square foot of wing area, 5.65
pounds.

(g) Average maximum speed, 86.50 miles per hour.

Average minimum speed, 45.75 miles per hour.
Average climb in 10 minutes, 3666 fect.

The number of machines considered is too small for eurves
to be plotted, but it is interesting to see how in diminishing
the weight per horsepower from 24.2 pounds to 16.21 pounds
the maximum speed increases from 84 to 90 miles per hour,
while the low Sturtevant wing loading gives a landing speed
of 42 miles per hour as compared with the Curtiss of 50 miles

per hour.
. w1 mean span_

(h) Average of ratios of po g e Jongiit 1.51.

This is an important point to be considered in tbe design
of a machine. As we shall sce later in considering longi-
tudinal stability, it is quite possible to secure adequate static
stability by using a short body with a large tail surface placed
at a negative angle. But an cxcessively short body, although
it means saving in weight, may fail to give dynamic stability,
due to lack of damping. At this stage of the science, we ean

only fix on a length for the hody by taking average values such
as the above.

(i) Average aspect ratio npper wing, 7.60.
Average aspect ratio lower wing, 6.76.

There geems in the light of these figures no reason why an
aspect ratio of 7.5 for the upper span, and 7.0 for the lower
should not be suecessfully employed.

(i) Gap/chord ratio is practically 1.00 in every ease.
Without nndue conservatism, it would appear that for ma-
chines of this size, the inereased structural weight of a larger
gap/chord ratio is prohibitive, whereas in smaller machines
with smaller chord, much greater values might be employed
to advantage.

The dimensions of control and stabilizing surfaces present
an exceedingly complex problem, so many faetors heing in-
volved. They will be carefully studied in our design, but in
the preliminary stages some of the following empirical reln-
tionships may be useful:

(k) Aileron or wing flap arca: The dimensions of these
will depend on the area of the wings whose rolling moment
it may be necessary to overcome, on the weight and lateral
radius of gyration of the machine and on the span of the
wings which gives the moment arm of the ailerons. These
factors nre too complex, however, and at present the following
formula offers a fairly satisfactory standard of eomparison:

(S,a,+ S,a,)= CA, where A = arca of wings, S, and §, =
spans of upper nnd lower wings, a, and @, = aileron nreas on
upper and lower wings. C = a constant. Where C is large
there is powerful lateral eontrol, where C iz small there is
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weak lateral control. The values for the above five machines
are as follows:

Stalndard

4.65

Curtiss
R-4

erght‘-’hlartln
4.50

5.05

» Sturtevant
S

ergh:-M artin
$ 14
6.50

5.33

Too powerful lateral eontrols present diffienlties in handling
just as too aeak controls. The average value of C = 5.38
might be at least some guide.

(1) For the horizontal elevator and stabilizer, the following
very rough formula is sometimes employed in preliminary
work, based on ideas similar to those enunciated in the pre-
vious paragraph:

QL

d= i where d = some constant, @ = arca of elevator and
stahilizer, L = overall length, 4 = area of wings and C =
mean chord.

The following constants hold for our five well eontrolled
machines: ;

Standard Curtlss Wright-Martin  Sturtevant  Wright-Martin

11-3 R-4 - v S ®

129 .625 .507 416 .561
These constants are fairly close together, with an average
value of .507. A big value of d means powerful control.
Without further analysis, it is seen from Table 1 that the
stabilizer is made between 20 to 50 per eent larger than the
elevator.

2 ¥ 3 . VL

(m) S}mxlarly for vertieal surfaces, if f =75’
constant, ¥ = vertical arca of rudder and fin, L = length,
A = area of wings and s = mean span of wings, we find
Standard Cu!rtti4 (3 erght‘-;\l artin

.019 031 027
Average value, .023.

We shall discuss the problem of vertical fin and rndder area
more closely later.

where f =

Sturt_cvant

\\'a’igh%;l\(a ritn
015

4
022

Primary and Advanced Training Airplanes

In the training of military pilots similar methods are now
cmployed in the majority of sehools, and there are two distinet
stages, “ primary ”” and “ advaneed ” training.

On the primary machine, the aviator ohtains his first certifi-
eate, and the requirements of this type tend toward a steady,
slow type of machine, in which it is easy to acquire confidence.
The advanced training machine is scarecly distinguishable
from the land reconnaissance machine, although it is somewhat
slower. In the memorandum on Military Airplanes, the fol-
lowing suggestions are made for these two types, which are
of obvious and permanent utility.

TABLE 3.
Land Advanced Rchoot, may
Land Peimary School, ean  possibly be used for
ais0 he used for field mountain and forest
artitlery fire control tactleal rcclo‘t’malssanco.
N 0

HOrBADOWOT, i ol oo/t « oo ohoios 50+ o8 oDt B

Pusher or tradtor......occ00vee.s Tractor Tractor
Number off meR. 5 ..o o o onne s W, o o £ 2
Mllitary load, pounds............. 375 . 400
Fuel tond, pounds.............. . 150 240
Miles radius ¢f actlon, full power.. 195 300
Climb, feet in 10 minutes,........ 2,600 3.000
ltigh speed, miles per hour a0 Kt
Low gpeed, milea per hour... £ 37 43
f'actor of sAfely . iceoveionnonans 7.0 7.5
Percentage niade In war.......... 25 20

In designing training maechines, the constructor has the ad-
vantage of ecomplete speeifications issved by the Signal Corps
(Acronautical Specifications, Nos. 1001 and 1002). These
specifications are readily obtainable, but some of the main
points nre set forth here, ns they will be applicable to our
design of a standard maechine, and must be constantly kept in
mind by the designer.
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MODERN AMERICAN TWO-PLACE TRACTORS

These Photographs Show Representative Two-Seater Tractor Biplanes of the Unarmed
Reconnaissance Type, Weighing Over 2,500 Pounds

THr WRIGHT-MARTIN, MobEL R, TRACTOR STURTEVANT S TRACTOR

M6DEL V. WRIGHT-MARTIN TRACTOR

Tue STANDARD, MoprL H-3, TRACTOR Tie CurTISS R-4 MILITARY TRACTGR
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IMPORTANT POINTS IN SPECIFICATIONS NOS. 1001 AND
1002 FOR MILITARY TRAINING AIRPLANES

Primary | Advanced

1. Tractor biplane, useful load:

(a) Pllot and passenger.
330 pounds.
Three hours

(b) Gasolene, oil and
water.

2, Curtiss elght-eylinder, OX-2, 90 horsepower at 1400 revo-
Intlons per minute, or an approved American made engine be-
tween 70 and 90 horsepower, for the primary, and between 920
and 110 horsepower for the advanced.

3. Mintmum speed, 37 miles | Minlmum speed, 43 miles per

per hour. hour.
Maximum speed. not less [ Maxhinum speed, uot less than
than 66 mlles per hour, 75 miles per hour.

4. Fully loaded machine must attain an altitude of 10.000

feet in {

(a) Pilot and passenger,
330 pounds.
Four hours

(b) Gasolene, oll and
water,

Two hours. ™S minutes.
5. Clmb In 10 minutes shall be not less than
20600 fect. | 3000 feet.

G. Celerlty of response to conirol, the proper degree of sym-
metrie and assymmetrie stabllity (static and dynamle) ; steadi-
ness in disturbed air, ete. Satisfactory manocuvering on the
ground.

7. Both the dual Curtlss (shoulder or chest yoke) and dual
Deperdussin types of control ready for installation in eockpits.

S. Factors of safety.

(a) Main plane structure. Conditions assumed :

(1) ‘Load as above.

(2) Angle of incidence of mean chord of main planes:
that of maximum lift coefliclent.

(3) Air speed: that normally corresponding to the
above load, and angle of Ineldenee for the net
effectlve surfaee area.

Factor of safety not less than

(b) Body and fall strueture.

(1) Alr speed, 100 miles per hour.

(2) Angle of incidence of fixed horlzontal tall sur-
face, minus G degrees; elevator surface niinus
20 degrecs.

Factor of safety not less than 2.5,

7.5.

9. A complete ontfit of instruments, tools, pressure gauges,
ete., Is speclfied.

10. Three-wheel type land-
ing gear, the third wheel he-
ing 20 x 4 inches, just in rear

Landing gear of two-wheel
type. Wheels, 26 x 4 inch
tires, and 6 x 1% inch hubs.

of the plane of rotatlon of
the propeller; normally not
touching the ground, but de-
slgned to touch the ground
when the mean chord of the
maln planes is horizontal.
Main wheels, 26 x 4 Inech
tires, and 6 x 1'% Inch hubs.
with spokes.

11. Body shall be of one part, not the jointed tall type. All
turnbuckles in the body wirlng to be readlly aceessible. 1In
the slde wirlng they should be near the upper longerons. The
wing spar fittings on the body to which the lower planes are
attached shall be tled together aeross through the body by
steel tublng. The interlor of the body shall be so construeted
as to permit thorongh inspectlon of all wiring, control leads.
ete.  As far as practicable all leads shall be dlrect.

12. The deslgn and momnting of the tall skid and vertleal
rndder shall be such as to prevent injury to the vertleal rudder
in ease of failure of the tall skid.

13. The number of dlfferent sizes of turnbuckles shall be re-
dueed to the mintmum. Yulleys, plns, bolts, turnbuckles, ete..

drilled for safetying. Safety wlre shall be of No. 18 gage cop-
per wire. =

14. Satlsfactory flelds of vislon.

15. Seats In tandem, padded ecockpits, safety belts.

16. Ilousing around power plant readlly detachable. Con-
venlent access to all parts of the englne which may require ad-
justment or inspection.

17. Iladiator proof agalnst vibration.

1S. Graviiy feed throughout preferred. A positive and reli-
able system of pumplng may be used; in which case a gravity
feed tank holding at least forty minuntes snpply to be embodied.

19. Upper plane to extend beyond the lower plane laterally
by an amount approximately equal to the chord. Lateral eon-
trol to be by means of traillng edge flaps on the upper plane
only.

20. Stranded steel eable shall be used for all tenslon mem-
bers which are readlly accessible for adjustment and for all
control leads. Struetural tension wembers shall be of hard
cable, and control leads shall be used for terminals of hard.
single-strand wire. No spliced termluals in hard cable will be
accepted. All cables whiech are members of the wing struec-
ture and normally under tenslle load in flight shall be in du-
plicate and made independent between littings, Satlsfactory
provision for convenient and thorough Inspection of control
cables and pulleys and vital structural members. In the in-
ternal wlng bracing, the compression members carrying the
drag of the wings shall be separate wooden stiuts and not
wing ribs. RIb webs shall be reinforced between lightening
holes to strengthen them in longitudinal shear.

The above speeifieation not only provides an excellent guide
for the design of the school machine, but is also a guide to the

. performance whieh may be expeeted of this type. A machine

might be perfe‘étly acceptable, however, even if it did not
adhere rigidly to the above specification, provided its main
requirements were sueccessfully carried ont. Particularly is
this true as regards the engine power.

Data for a Typical School Machine Less Than
2000 Pounds in Weight

The Curtiss JN4-B, for whieh full data is supplied by the
manufacturer is a good example of this type, and in default
of a classification such as that of Table 2, shonld prove a reli-
able guide in preliminary design.

CURTISS JN 4-B

Engine, Curtiss OX; horsepower, 90; cylinders, S; revolu-
tlons per minutes, 1400; welght per rated horsepower, 4.02
pounds; hore and stroke, 4 x 5 inches; fuel eonsumption per
hour, 9 gallons; fuel tank capaeity, 20 gallons; oil capacity, 4
gallons; fuel consumption per brake horsepower per honr, 0.60
pounds; oil consumptlon per brake horsepower per hour, 0.030
pounds.

Maximum speed, 75 miles per hour; minimum speed, 43 miles
per hour; climbing speed, 3000 feet in 10 minutes.

Net welght, machine, empty, 1820 pounds; gross weight of
machine and useful load (fuel for 4.16 hours), 1905 pounds;
distributed as follows: 225 pounds fnel, 30 pounds oll, 165
pounds pilot, 165 pounds passenger. Total, 585 pounds. Per-
centage usefnl load, 30.7 per cent.

Total supporting surface, 336.7 square feet ; loadlng per brake
horsepower, 21.16 pounds; loading per square foot of support-
ing surfaee, 5.3 pounds.

Wiug sectlon, Elffel, 36; upper span, 43 feet 73 Inches;
upper chord, 4 feet 11% inches; lower span, 33 feet 11%
Inches: lower chord, 4 feet 111 inches: gap, 5 feet 2 316
Inches; overall length of maehine, 27 feet 3 Inches; overall
helght, 9 feet 1014 Inches; ratlo of mean span o overall
length, 1.43.

Dihedral, 2% degrees ; sweepback, .0 degrees ; stagger, 12 5-16
inches.

Contro) snrfaces.—Allerons (npper wing), 35.28 sqnm"o feet,

Y T Ty









Chapter 11

Land Pursuit Machine
LLand Gun Carrying Machine
Twin Engined All ’Round Machine

The High Speed Seout or Land Pursuit Type

The high speed scout or pursuit type bas in the present war
assumed a very great importance. In the War Department
memorandum on “ Military Airplanes,” its funetions are well
defined:

“ By virtne of its tremendous speed and elimbing ability, it
can dodge and outmaneuver its larger enemy, maintaining
an effective fire with its machine gun, at the same time pre-
senting a small and bewildering target. This is an ideal ma-
chine for taetieal reeonnaissance. It can even drop a few
hombs where they will do most good.”

The United States Armmy memorandum gives the following
figures pertaining to this type:

TABLE 1.
LAND PeRsulT Type,

PRS0 TTORVIGIY - (FRens vl on W oFe Rrove it . PR R 0% L e el s 110
MYBEE g1 33 c e = « Tractor
Number of men..... ol
Military ioad, pounds 200
i‘uel load, pounds 150
Miles, radius of action, full power.... ... .........c.cuu..nn 315
GifmbyTeatMint 1'0iminutes. t. ... L1 0 ... e 2000
High speed, miles per hour.............. ... ... P i
orvasHeed N milles PELhOME. . . .- . o i ot i e e 43
L A R Lo R el o O IS R e O P Y .5
Percentage demand In war............ ..., e

Very few machines of this type have been bnilt in Ameriea.
Abroad suel machines have been used in great numbers, but
little information is available for reeent French and English
types, such as the Nieuport, Morane, Viekers, Bristol, Sop-
with, ete., with light rotary engines of between 80 and 130
liorsepower. Lately very light and more powerful 150 horse-
power V-type Hispano-Suiza engines have been employed in
great numbers.

We may say that an average of 120 horsepower is used in
this type, that it is a single seater machine, almost always a
biplane with the smallest possible wing spread, a tractor with
a light maehine gun firing either through the propeller or
above the wings.

English opinion based on experience in the war supports
an inherently stable machine whieh the pilot ean leave uncon-
trolled for a short period while engaged in combat or other
funetions. To obtain inberent stability in this type is a diffi-
eult problem. The high loading per square foot of area is not
condueive to, stability, and the cmployment of correet fin
areas and dihedrals is still a problem. The high loading also
introdunces diffienlties from the point of view of stresses in
the wing structure. Nothing lower than 7 pounds per square
foot of wing area seems possible.

With the produetion in the United States of such engines
as the General Vehicle Company’s Gnome and the Hispano-
Sniza, there is to be expected a very rapid inerease in the

nmumber of American speed seouts. These light and powerful
engines will enable the weight per horsepower to be diminisbed
and the speed and elimb to be increased until European prac-
tiee is equaled.

Data for Pursnit Type, 100 Horsepower Engine

In Table 2 some data has been collected bearing npon some
of these types. Little detailed information is available, but
these fignres and illustrations should be sufficient to give a
general idea of present development.

TABLE 2.

Data ror lliGu-SpEED PURSUIT MACHINES,

Model. ... .. Nieuport | S.P.A.D. Bleriot Curtiss
. 150 h.p. 150 h.p. triplane
Tmgdieh. . ... . L 80 h.p. Hispano- | Hispano- 0XX-2
| Le Rhone Suiza Suiza 100 h.p
Number of men. 1 1 b!
Endurance at full speed (houra,‘ 215 t0 3 >, ne 2% ta3
Maximum speed (miles per |
hour).. | » 125 125 120
Minimum speed (mxlcs per { :
HoE ) - I i e v ¢ 56
Climb in 10 minutes (feet)....|6,000-7,000] 9,200 9,200 10,000
Climb to 3,200 feet (mlnutes) . 3 3 -
Climb to 6,400 feet (minutes) 6 6 .
Climb to 9,600 feet (minutes) 10}4 1024 By
Total weight (pounds)..... o - 1,218
Useful load........... 460 460

Pounds per horsepower. . . 4 -, 7 12.'1.8
Area wings (square feet).. o 185 185 143
Wing loading (pounds per ‘ .

square foot).. 8.5
Wing area per brake horse-
power (square feet).... . .. 5 1.23 1.23 1.43
Span top plane.... ! 24’ 6"/ f 25° 20
all three planes
Chord top plane...... 37
all three planes
Aspect ‘Ratio top plane... | 6.15 25
all three p]anm
Span bottom plane. 230"
Chord hottom yﬂane 2740
Aspeet ratio bottom planc A 9.9

Data for More Powerful Pursuit Types

So rapid is the deyelcpment of the foreign military air-
planes that it would séem as if the speed seout fitted with a
rotary engine of about 100 horsepower, is now being displaced
by a more powerful type.

[t 1s interesting to note that in tbe S. P. A. D. and Bleriot
types the elimb does not apparently fall off with altitude,
showing probably that the difficulties of maintaining the
power of the engine at high altitudes have heen sueeessfully
met.

Trend of Design in the Pursuit Type

Among the salient features of this type is the very smalil
weight per horsepower, 12 pounds or thereabouts, as compared
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with the 18 or 20 of the large reconnaissanee type. There is
a tendency to employ large aspect ratios—the small weight
;’wr lorsepower and small wing surface permitting the chord
to be ent down considerably. Thus we find in the Nieuport
aspect ratios of 6.15 and 9.9; in the Curtiss triplane 12.5 on
all the planes. In the triplane the extraordinary aspect ratio
of 12.5 is rendered possible by the distribution of the carry-
ing surface among three planes instead of two. Stream- lining
to the very limit is another feature.

Hitherto German eonstructors do not appear to have sought
the reduction of head resistance to any great extent, but the
new Albatross shows a beautiful body, struts reduced to a
minimum, and the stream-lining carried to the extent of a
hemispherical nose-piece over the propeller boss. In the Nieu-
port scout the V-strut systemn gives both lightness of construe-
tion and aerodynamie efficiency. The wonderful improvement
of the Curtiss triplane with no larger power, as eompared with
its predecessor, the “ Baby ” seout, is due in part to the large
aspect ratio which counterbalances the inefficiency of the tri-
plane, hut more to the clever K strut construction with the two
tubular strnts stream-lined in, and the stream-lined chassis
construction. Such valuable yet simple ideas in the design of
this type are well worth attention.

German practice in every respeet seems to be following
French practiee very closely for this type. Recent information
at hand shows that the small biplane, such as the Albatross
just mentioned and the new Fukker biplane are being built in
great numbers.
seded the monoplane.

Guns on the Pursuit Type
.However stahle a maehine may be, and even if it is equipped
with a stabilizer or antomatie pilot, it seemns impossible that
a pilot should at the same time be a gunner eapable of firing
in all directions. The light machine guns which are employed,
are probably fired straight ahead towards the enemy machine
which the pilot is approaching. They may be

(1) fired through the propeller, which is suitably prolected
for deflecllng stray bullets.

(2) fired through the propeller with a suitable synchroniz-
Ing mechanlsm as on the Fokker (see appended refer-
enee).

(3) placed above the wing wlthin reach of the pllot as on
the Nienpaort.

Land Gun Carryving Machines J

IFor’ the Jand gun-carrying type of airplane the War De-
partment memorandum speeifies:

TARLE 3.

Horsepower ........cooeioiiiiiiiiin s P AR AT, 130
BYRE -t g A e e i ‘tractor
Number of men........ g b Eeaca e e R e 2
MMRary dond, pouhde.. . .c.... . 0. o0 oo 1wk ad 500
Fudl 1080, GONNBE. . . o 0% 5 7. oo o Addher e P ohanhens T Nk, e [ 425
Miiles radios of aetln, full pnm B P e 360
G, Toet W10, mInuilie. . % wonec womie - & lliline e o W o o g 3100
1tigh speed, miles per Bour................ kX
laow poad; THIQR POr BOUP. . . - . . oo % the e o gl d B o T nibots o iNe )
Factor of safety........ o o A e e e e 7.0
Perrentage m-nmml in usr .............................. o 4%

If any eriticism is to be ventured with regard to the memo-
randum, it is on the score of too implicit faith in the all round
twin-engined machine, and negleet of the importance of the
gun-earrying machine of this type. Most of our information
as to this type comes from the splendid deseriptions of eap-
tured German machines in I’Aérophile. The Germans have
sueceeded in providing this type with one or two maehine
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guns, with a good range of fire and arrangements for throw-
ing bombs, and yet with excellent performance.

TABLE 4.

Data von GerMaN Two-Szaten GoN-CAnnrTiNg MacHINE
{From L'Aérophile).

The Fokker biplane has apparently super-’

Maehine..ooovvvveeen.o.. . |Rumpler1916| Avintik 1916 L. V. G. 1916
Bogine..... o 5 o oits AW Mercedes 165!  Mercedes 170 Mercedes 165-
horsepower horsepower 170 horsepower
Maxinium speed on ground
miles per hour.......... 92 03 95
Minimum speed on ground,
milea per hour.......... 49.5
Speed at 1,000 meters,
miles per hour..... ..... St 87
Speed at 2,000 metera,
milea per HOUr. . eveennn. 85 82 S
Speed at 3,000 meters,
miles per BOUF. ¢vevvnnns 81.5 82 4
Climb, in feet per minute...| 3,200 in 10 1,600 in 1'4 3.200 in 12
6,100 in 16 3,200 in 914
9,600 in 29 6,400 in 214 6,400 in 33
9,600 in 47 )%
Maximum aititude fully
Toalad Seev. s oL - - 14,800 11,200 10,000
Fadurance, fully loaded,
OUTEL . oo oLl e e 4 4% 4y
Total weight, pounda...... 2,780 2,810 2.840
Net weight, pounds....... 1,830 1,860 1,569
Uaeful load, pounda....... 950 950 080 -
Percentage useful load..... 31.29 3449 314 % p
Military load, pounda..... 580 550 350
Loading per brake horse-
power, poundS.......... 16.8 16.7 165.8
Loading per square foot of
wing area, pounds....... 7.35 6.6 7.1
Overall length, feet....... 25.2 26
Total wing area, square feet. 378 430.56 400
Upper apan, feet.......... 39.2 10.66 41.3
OChord, feét............... 5.4 6.1
Lower span, feet.......... 354 354 36.4
Chord. feet......... . 5.4 6.1 A
Glip, feet. .. .on AP 6.3
Ailerons, aquare feet....... 27.8 22
Statilizer area, aquare feet. . 35.4 352 37.6
Angle of stabilizer ........ — 1.36° —1°
Elevator area, square feet. 18.2 12.07 F 162
Fixed vertieal fin, aquare
foate !, 0. . 1T A L Y 4.5 3.2 L )
Rudder, square feet....... 7.5 6.4 6.4
Dibedral of winga..... B 2 Slight None
Angle of wiogs to body-... .. 5° 4.6° 4.25°
Déedlage.. . & .5 588 S None Almost none None
eaggir. .. .. M Bt T None Almost none Nuas
Sweepback. ..ol Slight None Slight
Atmaméne...... ... .00 {Pdot for-[lu rear sent pilot{Compliented ar-
ward  nia-| has two  bomb-| rangement for
ehine  gunj throwera in front| throwiag bomba
Ty ﬁ of him. Passenger| which sometimes
through|in forward weat| weighs as mitch as
propetler, has two ndiust-| 25 pounds.  Two
Passenger io] able gun supports.| machine guns, one
rear with eir-| permitting him| firtng hrough the
enlar  gun-| to fire ia almost| propeller, the
turret. Some| all directions. The| other on a rotary
of thews ma-| propeller is pro-| terretin rear cock-
chines  almo| teeted by a eir-] pit.
carry a bomt:| eular plate.
dropping de-
viee. A ) L8

In Table 4 some useful data has been eollected, and photo-
graphs of the Aviatik and L. V. G. shown herewith, are good
e. Recent development in Ameriea has

examples of this typ
shown

the necessity of stnndardized tests at various altitudes

and it is interesting to note that figures are given for speeds ou

ad
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the ground and at various standard altitudes; while maximum
altitude, or “ plafond,” as the French ferm it, is also specified.

These German machines, as regards elimb, are on a par
with the Ameriean unarmed reconnaissance machines. They
appear to be mueh superior in maximum speed. Their per-
eentage of useful load is greater. By careful construction and
probably with a lIower factor of safety, they actually have a
lower loading per brake-horsepower, even when carrying two
maeliine guns, the ammunition requnired, and bombs and bomb-
ing devices, This indieates how mueh room there still is for
improvement in American machines as regards weight saving.

They are short machines, with large stabilizing planes, but
comparatively small control surfaces. The wings are very

Fre. 1. Aviatixk WING SECTION

heavily cambered, as shown in Fig. 1, yet look as if they were
efficient, and deserve eareful study. They appear to be an
improvement on the wing sections commonly employed. The
wings also appear to be set at large angles to the body, so that
the propeller axis is coincident with the line of flight at nor-
mal angle of ineidence, and at a small angle to the line of
flight in climb.

Their design is eharaeterized by a robust lightness due to
careful utilization of material throughout, and probably a uni-
form factor of safety.

The Mercedes engine so largely employed on German air-
planes has the reputation of being extremely reliable and effi-
cient, but is considerably heavier per brake-horsepower than
American engines of about the same power, an important
fact to be considered when the American designer sets out to
equal the German machine.

Twin-Eungined Machines

The memorandum prepared in the office of the officer in
eharge of the Aviation Section, Signal Corps, U. S. A, gives
very interesting data on twin-engined seaplanes, reproduced
in Table 5 herewith. It lays strong stress on the advantages
of this type, partly on the ground that a thoroughly developed
engine of over 200 horsepower had not yet been constructed;
but since that time progress has been made and the 300 horse-
power engine is becoming a practieal possibility. Stress is
laid on the versatility of the twin-engined machine. In a land
twin-engined machine, with the engines supported on the
wings, and a central body, it is suggested that the pilet with
his controls eould be placed in the rear cockpit in rear of the
propellers; the observer with his machine gun, in the forward
coekpit forward of the propellers; and the bombs and gasoline
between the pilot and ohserver, near the center of gravity of
the complete system. With such an arrangement, the observer
would have an ideal field for observation and for gun fire;
with a stabilizer the pilot could fight the machine to the rear,
and the machine would be an excellent fighting airplane as well
as a bomber. By decreasing thie bomb weight, the radius could
be increased to a very long range. A third man could be in-
stalled in between the front and rear cockpits by making slight
alterations in the construction of the body. If the third man
liad eharge of the controls, there would be an even better fight-
ing machine. If neither bombs nor a third man were carried,
the landing wheels could be replaced by two or three pontoons,
giving a military seaplane.

TABLE 5.
LD E T T eI+l [ o Rerenees A S o, & 0 i s 3 260
Type

LY o MTETEE G B0 G OROT 1 o S i R AR R €, O i 5

Military load, pounds.......... .550 to 1100
Fuel 1oad, poungds. .............% ...600 to 1150
Miles radius of action, fuli power. ...450 to 600

Cliabwfectving 10 minutes .o 500, Ol e AL R L 3400
iligh speed, miies per bour.......... Mo OGS0 n & b 4 e 90
SO -SPEESH, THFIGE DA MRONT = o o % . B e i e e i s ae s ae e 47
SPCINE OT SRR s s e s e b e e ) 7.0
RO COR AN TG TIE YT e 1= o0 oxe ohe ol es sheie s o ofene) ofe s Bl o ousionn e o o fo s 4

A further evident advantage of this type is that it could be
flown with one engine out of commission. The propeller
would not be required to take the great power of a 300 horse-
power engine. Although the support of the engine on the
wing presents considerable difficulties, yet this arrangement
might react favorably on the weight of the wing structure
by distributing the load, and therefore giving less bending
moment to the inner wing panels.

If a single engine of 250 or 300 horsepower were used, the
same military and useful loads would be available. With a
single body the parasite resistance would probably be dimin-
ished. But the difficulties of construeting such a machine for
fighting as well as bombing purposes would be very consid-
erable. With the engine in front, it might be possible for the
pilot to sit in the forward coekpit and shoot through the pro-
peller, while in the rear the observer could operate a machine
gun in all directions. If bombs and bombing apparatus were
included in the single body, there would be an extremely diffi-
cult construetion problem. If the high-powered machine were
made a pusher, the rear occupant wonld be under diffienlties
as a machine-gun operator. The- other possible alternative
would be to place the observer in a cockpit forward of the
propeller—which would revolve round the body—the engine
behind the propeller, then the pilot in the rear seat. None of
these arrangements seem to have the straight forwardness and
simplicity of the twin engined type.

It would seem, therefore, that in spite of the development
of a reliable 300 horsepower engine, the twin-engined machine
would have much to recommend it.

The following points may be disadvantages of the twin-
engined machine, or merely problems which eareful design ean
overcome :

(1) There are difliculties in preliminary design. In the
scliool machines, the armed and unarmed reconnaissance types.
and in the speed scout, we have data to draw upon from which
loading per square foot of wing area, loading per brake-horse-
power, useful load, ete.,, ean be at once fixed within certain
limits. Here we have an entirely new problem. Theoretical
eonsiderations show that with increased span, the bending
moment and other stress producing forces for geometrically
similar machines vary as the cube of the span. The resistance
of bracing wires would vary as the square of the span. The
section modulus of the wing spars would vary as the span
cubed, but their area, resisting direct temsion or compression
would only vary as the square of the span. Similar considera-
tions would follow for other strength members. Even if we
allow the strueturai weight advantage of engines on the wings
as previously mentloned, the conservative designer would still
expect weights to go against him. If the twin seaplane that
he is designlng follows the same outlines of construction that
Ire has heen accustomed to in a single-engined type, he should
allow for a sllghtly heavier loading per horsepower and a
slightly smmaller loading per square foot of wing area, i. e, a
larger wing area than lie would, in the light of past experience,
expect to employ. Sueh a conservative outlook—well founded
in the author’s opinion, particularly for experimental machines
—would lead again to less favorable estimates of performance,
and avoid the ridiculously optimistic estimates for these large
machines in the reeent bids. It is interesting, in the light of
tliese remarks, to study the performances submitted in these
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bids for seaplanes. (AVIATION AND AERONAUTICAL ENGINEER-
ING, December 1, 1916.) The Cortiss Company, with its past
experience in the bunilding of twin-engined machines (Twin
JN), specified a eltmd of 2.000 feet and a speed of 65 miles
per honr, althongh probably equipped with two 200 horsepower
engines. The Wright-Martin Corporation was so conservative
as to specify no performance. A great many optimistie bids
were submitted. The average climb sent in appears to be
3,580 feet, the average maximum speed 77 miles per honr, One
would be inclined to think that with present American methods
of construction, a eiimb of 2,800 feet. and A& maximum speed of
about 63 miles per hour would be as mueh as could possibly
be expected.

(2) Control surfaces and stabiiity farnish interesting prob-
letas. The effect of placing the engines out on the wings is to
increase the moment of inertia in roll, and it is very difticult
to say what effect this wiii have on inherent lateral stability.
It is eertain that the aileron area required will be somewhat
greater than that in a maehine where the engine is at the cen-
ter of gravity and that the machine wiil be slow to respond
10 lateral controls. The moment of inertin in yaws wiil simi-
iarly be increased so that rndder and vertical fin surfaces may
have to be larger proportionately than on the usual machine.
These are points reguiring the most careful attention in design.

(38) Another problem in connection with the twin-engined
machine is that of propeller slip from the two screws, both
turning inwards, This symmetrical arrangement is prescribed
by the Army specifications as avoiding torque and gyroscopic
effects. The down stream from the propellers impinging on
the stabilizer is said to increase the safety from the point of
view of longitudinal balance, givlng tall heaviness with power,
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and nose heaviness without power.
ever, still open to experimentation,

Space forbids a discussion of numerous other points which
this type presents. The appended references will give the
reader some information. The German twin-hydro reprodneed
in AVIATION AND AERONAUTICAI, EXGINEERING. September 15.
1916, is of particularly neat construetion, the speeifieation
No. 1002 is almost a text-book on design, and the S. A. E. pa-
per on twin-engined machines read by Lieuat. Col. V. k. Clark.
U. S. A., touches on a greater number of points than we are
in a position to deal with. Anyone setting out to construet
such a type would do well to devote considerable time to wind
innnel experimentation, computation of moments of inertia,
ete.

The exact effects are, how-
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Chapter III

- L]
Esti1
Difficulties of the Subject

Hardly any branch of practical airplane design offers such
difficulties as the estimate of weights. A manufacturer who
has built a number of machines and has kept careful weight
schedules has valuable data in his possession, but is, as a rule,
chary of making such data public. Even an experienced manu-
facturer, however, may be at a loss when building an entirely
new type, particularly if the new type is of a very different
size from that to which he has been aceustomed.

Theoretical considerations apply only to a limited extent.
Empirieal formulas have heen snggested by several anthorities,
but are only partly satisfactory. The authors’ thanks are due
to manufacturers and others for sueh data as they have per-
mission to publish.

Weight Shedules for a Machine of the Unarmed Tractor
Reconnaissance Type (Two Seater) More Than
2500 Pounds in Weight

Full weight data can be published for one of the five ma-
chines which have been examined in Part 2, Section 1—the
Standard H-3. The schedule for this machine is very com-
plete, and is almost exactly in the form specified by the Avia-
tion Seetion of the Signal Corps.

TABLE 1.

Standard 1-3, Hall-Scott A-5, 135 b.p. Maximum speed 84 m.p.h.
Minimum speced 46 m.p.h. Climb 3400 ft. Total wing area, 532 sq. ft.
Weight loaded, 2651.9 ib. (6 bours). Weight bare, 1908 1b.

Body structure:

Details :
Longeron,
Longeron,
Longeron,
Longeron,
Longeron,
Longeron,

forward upper right
rear upper right
forward upper left
rear upper left
forward lower right
rear lower right
Longeron, forward lower left
Longeron, rear lower left
Verttcal posts, total
Rudder post
Horizontal posts, totai
Engine beds (two) .o
Engine bed, supporting posts...............co... ...

Engine plates, total
Radiator supports
Fittings, total ..
Rivets, i)olts, nuts, screws, total
Wire and cable, total with terminal clips and thimbles, ctc.
Turnbuckles .... ¥ "
Floor of cockpits
Tail skids .......
Body cover strips..
I'ront and rear seats and support
Cowling and body cover

b ek ek b

=

Chassis:

Detalls :
Wheels and tires, 2 at 26 x5”
Axles (1)

Struts (2)
Axle braces
Axle mounting and guides
Rubber shock absorber
kittings
iR and. TUribucEIBaR Rl Sal. 5. oL Lo L e Y
Fairing ..

mates of Weight Distribution

Details for upper wings:

Front spar, total span 18’ 53%/'; 18’ S%” length......... 25.5 1b.
Rear spar, total span 18’ 9%’/; 19’ 0" length,.......... 23.5 "
Compression posts or solid rihs (T)...vveuenrvnen ... 16.20°
Ligbtened ribs and straps (10 long, 7 short), total. . 184 ¢
Entering edge, 4 pleces. . ... .. ... . . ieecreeieanraannn 8.0 *
Trailing edge, 4 pleces.....o. o vvivivnr i ivnenennnn 3.9 ¢
Edge pleces and cross battens........................ 5.5 ¢
BRSSP s Ve S Sk R Tl e T LN ) 1.3
Wire, clips and turnbuckles...... 06 olcon ot B o 115 ¢
Linen, undoped, and tape and tacks for taping...... . 15.4 ¢
DopeRand S varnishie ST, S L rn . L s gt o e o 100
IBlaps SuEcoveret, Lotal’ . . w.itoe, Forst agerom s ol ot oo vroie « 2019 ¢
Flap hinges and bhinge fittings, complete. . .. 1.1 «
Ilap covering, dope and varnish....................... JES s
UlEae cCOUMTETADIN & 0. TP, O B el veante oot Tere oo 20.0 “

TENS 5 oB o 8 bl - SE AP Rod oo oo S RTINS 178,01b

RBoURRIngesactiont. v P Ll . . . L e s 16.51b

Details for lower wings:

Front spar, total span 18’ 5%”; 18 8?4” length . . 25.0 1b.
Rear spar, total span 18’ 91" ; 19’ 0"’ length. 5 128.0)
Compression posts or soltd ribs (8)....... . 185 «
Lightened ribs and straps (7 short, 9 long) . 195 *
Entering edge, 4 pleces.................. Fo D
Trajling’ edge, 4upieces. ... % .- cvieuin.os 3.9
Edge pleces and cross battens, hinge, block braces, ete 556 ¢
R e i o R o A 1.3
Wire; *clips ana" LUPRDUCKIOS: . .« S5 o teee aie o v v v tnninnnne 11.8 “
Linen, undoped, and tape and tacks for taping....... 15.9 «
DopeRandivarniehy v e Sl e L L L 8.3 *
Blspsimneovoredi Y total st . hoai s L8, LTl LT gL e 20.0 “
.Flap binges and binge fittngs, complete. .. .. ... ..... . ... 1418 4
Flap yokes and yoke fittings...................... 3:84%
Flap coverings, dope and varnish. ............. .. .... .. 3™
(inwdgountediifors 0 S0 T LI e B S0 L L T e B3
b 2 I ST Ry T e S 190.01b
Weight
Weight Are per sq. ft.
Upper wings .............. 178.0 1b. 262 sq. ft .680 1b.
Bodytseetion ... . ":... ... .. 16.5 * Sy o5 € 920 “
Lower wings .............. 190.0 ¢ 262 . 208 %
Total wing weight...... 384.51b.
Percentage of total weigbt, 14.52¢9¢.

Interplane struts, fittings, and wirlng : 107.6 1b.
Weight per square foot of wing area..«.... ........... .203 ©
Percentage of total weight, 4.069%.

Tatl surfaces: Weight

Welght Area per sq. ft.
Vertical fin complete, covered
and varnished ............. . D s8q. ft. .600 1b.
Vertical rudder ........ 9.0 TUT) A o0 .900 «
Fixed horizontal tail.... - B2).55 635 *
LT UG B o o 5 a0 6 Bk o0 2100' ¢ 28, 915 «
RO LANE S . AT O, 53.83 b

Percentage of total, 2.0%.

Control system :

Combined Curtiss and Dep. control, with.. ..
Control operators in rear cockpit only

} 26.2 It
Control wires, wiring and switches.........

4.4«

.. 396.00 1b.
< w3338

42050 1b.

Percentage of total, 16.2%.

Tanks :

Tanks and connections and supports (88 galions fuei)...
Percentage of total, 2.95%.

78.5 1b.
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Engloe group:

Radistor, complete and coa- w elght of radiator
gectioaa without water.. 46.0 ]b. r hp .. .34 Db,

Engine, complete withaut Lm:lne “elght pcr
piropeller, radiator or any siore ofs o /% he oneTIIRLID) I

water, any oll, long ex-
haust tabe or self-starter.558.5

Water for radlator piplng Water weight per
and jackets (30 1b. enr- MR+ o o onsohone’ o ihe o F SBRNE S
rled jo radiator alone)... 91.8 «

Propeller complete and bults 376 Propeller welght per

Long exhaust plpe......... 3.0 ¢ BB i a8 SRR

I'sssenger and equlpment :

.o TP ARl P e M L P e Rl 165.0 1b,
YU o g R RN LA SR S L LA 165.0 *
Fotah. .. o anv N8R SR A s T S 4 B T S 330.0 1b.
Percentage of totnl, 12.5%.
Equipment :
Instruments and lu«trmur'nt hunrd. nnd necessorles com-
plied for rear cock r ...... v il LRk A 22.7 b,
§ame for fromt-cockPlte .". o .. Ma. . L L0TNE O el . O 240
$ide pogkete, both ‘sides:........ ... W Non.e v . 0ol 80 ¢
Camghatt ofler ....... 0% ... ... . L. A y " Y
\p(\uklng | (L O e e SR B S oo Mo T e 2.8
in‘ne aand brackets complete......., Lo ) B ol M Rar ¥ [ sy
Oil pressure line and sl{:ht D W R e T el e A 28"y
Tool kM and cede ecomplate. ... o ol 1,0 0.0 7.8
Aotalk! . .. .iolh B . soige skl BN Seaal INVE AN IS GS.6 1b.

Percentage of totnl weight, 2.20%.

Summary of Weight Distribution for Standard H-3

Percentage of

Group Welght Useful Loaan
Body nssembly and equlpment. . 370.5 Ib. 13.60%
CHONINT S, 57 .« o o o e e oot ABSE 5.219%
WIRE ZOOUD = o oont Lh TR Roart vee. B845 ¢ 14.52¢,
Inlerpiane bracing .............. 107.6 * 4,069,
‘I'all surfaces ......... LS 9 c 53.3 * 2.009%
Contaol . argtem . ..% . oo v v Mo o 306“ 1.135%
Geeolire apd oll. .. & . s ferrs.s: 429.5 16.20%
Gasollne taaks sod plping......... 78.5 ¢ 2.95%
Engine group.... ool o o 2TSBIEIE 27.70%
Passengers and cqulpmcut. P T 12.50%

Totaird s 3. .o LES T £ D00 Mk o 2651.9 1b. 100.009,

The Standard figures are fairly representative for this type
of machine.

Percentage Table for Machines About 2500 Pounds

In Table 2 are given figures ecompiled by Dr. J. C. Hunsaker
for a number of typical machines. The pereentage values scem
to hold very elosely for machines of the large tractor type.

TAQLE 2
Useful load: Per cent
Pevsonnel and equipment....... ... 0. iii i s 13.1
Gasotine and oll, 6 boars............. ... ... ... e, IO
Engine welght :
Tanka and plpes........... o jallo) ok Ao P ¥, oI ool (A 3.3
Bagine aBd accessordds, ... . . ... kool a0 L B0 17.9
ftadlator (empty) ........ (s Mool Mo o doo T =
Codllag water ...............1} R R RSN L 1.7
Propeller and bab........ B el e MBS 4 W 8 1.0
Struetural welghts :
BOEE -, .../ 0, SR SIERT iy Lok S i SO 8.2
Landlngtarrlnge............ ..... T o Y 8.2
Divective sorfaced ...... ........... . e nt 4.1
TR 4 s SR o Sapererere '+ ST o G o iR, TR . 16.5
Wing bracing . T DR s 30 . g 4.0
YR TR Rt SR o & D29
- dngine . wWealght, =......... ... At o <o 51
*  stractural welght ........... A L& Loo 41.0
100

Weight Distribution for a Typical School .Machinc

Figures ean be published for the Curtiss JN-4. Data was
given in Secction 1 for the JN-4B, but the difference between
the two types is very slight.

Curtisa J‘€—4 OX 90 hg engine, Mnximam specd 75 mph. Mini-
mum speed 483 mph. Climbin 57.&)'0(1 1000 ft. in 10 min. Total wing

area, Includlng wing flaps, 3 nq. ft. Welght loaded, 1002.35 1b.
Welght bare, 1281.5 I1b. 4.4 hours fuel.

I'srt: Weight
Rody axsembly ... .. e shaessoles 290.00MW.
Tail akid with rubber clnallc cord (.’l tt) 2.7% ¢
CoOlBINE . o7 AN TP AL LT e h 3.50

. P s L A T N P T .. 2906251,

Percentage of tots| lond, 15.50%.

Chassis :
Detalla:
Lnndlng gear braces with ﬂttlngs. oo ofs siaheh snsretonsione-n MatIRARR LIRS
I L DT, SO Sy s e . 1595 ¢
b Alumlnum bull‘lu;.s for sbock ‘absorbers and strups e BP0
2 RRubber sbock nbsorbers (clsqnc cord 80 1) . Fonp o Lt N R
2 Wheels 26" x 3" tire and 11" Sem e cle s o el 27.00 “
Total chaasls group.....oco0evevennn. e ile T .... 7675 1b,
Percentage of totnl welght, 4.03%.
Wing group: Welght per
8q. ft. of
Welght Area surface

UpJ)er \\lngs without flaps or
veesess 120,00 b, 172.2 sq. ft. 7210,
Up'{)er ccntor section without

ttings ... 13.00 ¢
Lower wlngs withoat ﬂttlnga 1! 00 ¢ 152.2] % L1396
2 wing flaps witb fittings. ... 4.50 “ 40.8 ¢ ¢ 600

Total for wing group... 269.50 Ib,
Percentage of total weight, 14.159.

Wing bracing nnd fittings :

Detnlis :
Par Welght
Lppor \\lng fittings, § strut fittings, 4 fittings to center
sectiof N o L NIALTEEY coee s 102300
Lower wln ﬂmngs. '8 'strot ﬁttiugs, 4 ﬂttlngs ‘to’ bod) B -
2 WIBE olllE . o . e 2.26 ¥
1 Outer sectlon struts (lcngth of stnggcred struts w 61") 13.50

4 Intermedlate sectlon struts......... SRR il I
4 Drift wires to nose from upper nnd lowor |)lanc* !
Flying lnndlng nnd outer strat wires (not lncludin
tor SOCHION ) i, Lon s diiy ST et T
4 Alleron wires with littlng "
4 Short aprights for bracing ov erhsng

Center scetlon struts...... 5
Center section brnece wire, TR Bt
i R SR £ e -,
Percentage of tots! Ioud 4.95%
Tail surfaces: Welght
per sq. ft.
Welght Arei of nrea
Vertical tall fin and fittings. 14.00 Ib. 2.5 sq. ft 0.62 Il).
Rudder and fittings......... 10.00 * Lo ¥ € 1.02
I'ixed borizontal tall with
hinge fittlngs only........ 14.00 * Sy BORD 0.62 %
2 Elevator flaps with wires
aDdh POSLE Ash + deport il e wdt 5o ¢ p & T8 SO0 083

Total. «o. B2.50 1D,
Pcrceutnge ‘of totsl :6%

Control system:

Steering post. rudder whccls with rudder wires and
fittngEs— . o0 %
4 FElevator wires.

Tota
Percentnge of total welght, .S3¢

Gasollpe and oll:

BB ROUER ;. ..o e o FF ewos o Miom. o 72 80 SRR A N .. 2620b:
Percentage of totul lund 13 "u%.
‘fanks: . Weight of
tank per
Welght gallon
Gasoline tank with espacity of 37 gail..... 281 1b, .76 1b,

Percentage of total welght, 1.53%.

Fngine group:

Propeller and hab....... 34.731b. Welght per hp.... .3861b.
Engloe nnd accessorles
loctuding 2 hot alr

atoves, 3.70 1b., tap of

engine nintes and slde

plate, 20,15 Ib.)...... 363,55 * Welght per hp.... 4.050 *
BRadiator ...........c.. 9879 % Weilght per hp.... 0.620 *
o IO, 0 o D G 39.00 ¢ Weight per bp.... 0.430 *“
1 Wnter plpe and *fit-

TIREY .o o e o 3.00 ¢

WML, o e Oy . 496.25 1b.
I’ercentage of tatal w elght. 24, 10':;.

I’nssengers :

PHot .... T Ln d 156 1b.
I’'nsseager ! ] 106 *

otnl,
l'crccntagc ot ‘totai wclght. 10 03%.

Sununary of Weight Distribution for JN-4-B

- DPercentage of

Welght total toad
lmdy asserably and equipment..... 296.25 Ib. 16.50%
G 1= o o crots orofsgors o ORIRREHIL IS 076,75 * 4.03 %
s ISR ¢ Cieiii. 260.50 14.15
lnt"rnlano DEREINE. . ... ev. WL . 0Be.25 04.03 “
Tl SUCACES «ovvrnveneennonen.. 05250 “ 02,76 *
CQontrel ayntem . ... u..... wesedos AOESWE T 00.8% **
Gasollne and oll. B [l | .. 252,00 ¢ 13.20
Garollpe tank and plplng. verereses OBRTE T 01.563 *
INEIHG _BraBP. « #ooe e o oo o tiglly 496.25 26,10
PRESORPOTE- oo o o cive v o vis oi's o o 0 ole s SEECO09 16.95

i S YN w S | e 1902.35 1b. 100,007,

.r.-l-flr-“-‘n O S—
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Empirieal Formulae and Values for Weight Estimates

Some empirical formulae and values are given herc. Such
empirieal formulas can never be entirely trustworthy, sinee so
much depends on the type of machine to be constructed, the
type of construction to be employed for any particular part
of the machine, and the factor of safety desired. Much
greater rcliance is to be placed on direet comparisons from
actual machines and on aetual computations from drawings.
Still, they may serve a useful purpose in the preliminary
stages of design, when a rapid estimate is needed.

(1) Body

Bare rectangular wooden longeron body, with fabrie cover-
ing for small monoplane and biplane scouts about 1200 Ib.
total weight, 70 lb. is a good average figure. ¥or large biplanes
about 2500 Ib. total weight, 150 Ib. is a liberal allowance.

(2) Seating

About 10-12 Ib. per person is sufficient,

(8) Single control system 30 1b.
Double control system 50 1b.
(4) Landing Gear

A landing gear of about '/, the loaded weight of the maechine

can be easily designed.
(5) Tail skid

Is roughly '/, th the weight of the landing gear.
(6) Main plane weights (surface alone)

A fair average figure is 0.75 lb. per square foot of wing
area, although wing weights will vary with size of machine,
section employed, aspeet ratio, strut spacing and numerous
other features in design.

(7) Weight of control surface

Control surfaces with fittings and hinges may, with careful
design, not exeeed 0.5 or 0.6 Ib. per square foot.
(8) Tanks

About 0.75 1b. to 1.00 1b. per gallon.

(9) Engine weights, fuel consumption

Full values for these arc available and will be given in a
subsequent section.
(10) Engine mounting

One-eighth of the engine weight for a rotary type and one-
twelfth the engine weight for a fixed type engine.
(11) Propeliers

A good rule is weight = 2.5/ hp.

(12) Radiators

For radiators, manufacturers’ figures will be given later, and

cmpirical formulas are not necessary.
(13) Passengers

Some 10 lb. should be added for aviation dress.
(14) Miscellaneous

An allowance of 10 Ib. is sufticient for instruments, such as
compass, altimeters, ete. Fire extinguisher, 8 Ib. Tool kit, 5
Ib. First-aid kit, 5 Ib.

(15)

In a subsequent section we shall deal with weights of such
parts of the machine as eables, wires, turn-buckles, fabries,
dopes, wheels, ete., ete.

Some General Considerations on Distribution of

Weight and Useful Load

F. W. Lanchester has approached the question of weight
distribution for various sizes of machines in a very interesting
article. The subject offers many difficulties, and the following
notes, mainly based on Mr. Lanchester’s article, are merely an
introduetion.

When estimating the structural weight of a new machine

from data available on one constructed, certain theoretieal con-
siderations are available.

Simple and reasonable assumptions in dealing with the main
planes are that the wing seetion remains geometrically similar,
and the velocity constant. On such a basis from ordinary eon-
siderations of aerodynamies, the span must vary as the square
root of the gross weight, and conversely the loading on the
wing will vary as the square of the span. The direct forees
of tension and cowmnpression on the spars will vary directly as
the loading and square of the span, but the eross-sectional
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areas of the spars will also vary as the square of the span;
geometrically similar wings will, therefore, be equally strong
as regards direct forces. The bending moments will vary as
the gross weight or loading multiplied by the span, i.e. as the
cube of the span. But the resisting moment of the spars will
vary as the section modulus or cube of the linear dimensions;
geometrically similar wings will, therefore, be equally strong
as regards bending moments. It follows that with constant
velocities geometrically similar wings will be equally strong
for both direct and bending stresses. From the weight of
aerofoil point of view, the position is unfavorable, since the
weight will vary as the cube of the linear dimensions or cube
of the span.

It follows that the weight of the wings will vary as W°/*
where W is the gross weight.

In the interplane bracing, the wires, which only take direct
stresses, will be equally strong when geometric similarity is
maintained. For the struts just as for the spars, the same
will apply. Therefore, the interplane bracing will also vary
as W°/%.

For the body it is possible to make the somewhat more
favorable assumption that its weight is directly proportional
to the gross weight. With inerease in span, it is by no means
necessary to increase the arm of the tail surfaces proportion-
ately, while the resisting moment of a body cross-section varies
as the depth squared and the breadth. Current practice also
seems to bear out the above assumption. It might even prove
to be true that on large machines a slight saving on weight of
body would be possible. y

The shock of landing to be taken up by the chassis depends,
for the same landing speed, on the gross weight.

If a chassis for a large machine were geometrieally similar
to that of a smaller machine, it would probably show greater
strength in the struts, and equal strength in the shock absorber.
The question is very complex. Mr. Lanchester insists on the
analogy of the greater relative diameter of the legs of such a
large animal as an elephant as compared with the legs of a
flamingo. Buf with very big landing gear so much becomes






Chapter IV
Engine and Radiator Data

General Requirements of Aeronautical Engines

The main requirements of an airplane engine are light
weight, low fuel and oil consmnption, reliability, accessibility,
and a form suaitable for installation in an airplane. The
general form, apart from its weight, is important because of
the question of mounting in the body, and the problem of
engine cooling and body stream-lining. Selecting an engine
for an airplane means unfortunately buying the engine most
nearly sunitable which is purchasable at the moment, and
the choice is none too great. Nevertheless it is part of a
designer’s training to consider the comparative merits of
every cngine available, mainly with reference to the above
points.

As regards rcliability, no rules can be laid down. Satis-
factory tests in Government or college laboratories are good
guides. The reputation which an engine has earned among
pilots under the more trying conditions of actual flying is
even more important. Accessibility depends not only on
the design of the engine itself, but on its careful mounting
in the body. Fuel and oil eonsumption, weight and suitability
of form are best studied by the compilation of such a table
as Table 1. Sunch a table will require eonstant revision.

In considering weights of two engines of like power but of
different type, such as a stationary air-cooled and a water-
cooled engine, or a rotary air-cooled engine and a stationary
water-cooled engine, radiator and cooling water should not
be neglected. In dealing with rotary engines, fuel and oil
consumption tend to make comparisons with stationary engines
less favorable to the former type than is at first apparent.
Particularly is this the case when a flight of more than 214
or 3 hours duration is contemplated. The extra weight of
gasoline and oil to be earried for the rotary may actnally make
it the heavier engine at the beginning of a fairly long flight.

The form of an engine, from the points of view of mount-
ing and projected area, are best studied from drawings
appearing in technical magazines and makers’ catalogs. The
dimensions given in the table serve as a preliminary guide m
narrowing down selection.

For a gencral study of the subject of acronautical engines
reference is appended to one or two excellent books—in
which, however, no information as to recent developments is
available.

The question of revolutions per minute apart from the
question of power and efficiency in the engine itself has an
important bearing on propeller design. Wooden propellers
of large diameter seem to reach their maximum permissible
safe speed at about 1300 r.p.m. Beyond this figure, it is
hard to keep stresses down. Questions of direct drive and
geared-down drives must be considered from this point of
view.
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Acknowledgment is made to Lientenant H. C. Child, and
to Mr. Lee S. Wallace for valuahle data.

Weights for Radiators and Cooling Water

The following are good preliminary figures for design in
accordance with general data:
Bagesmadipton. &. . .5t e L G .55 1b. per bhp.
Waater: intradiator. ... ..on o oL .13 Ib. per bhp.
The Ajax radiator employed in conjunction with a 130-hp.
Hall-Scott engine weighs 45 lb. bare and carries 30 lb. of
water. On a school Curtiss of the JN type with a 90 hp.
Curtiss engine, the figures for a Rome-Turney radiator are

Weight of empty radiator .............. 581, 1b.
Weight of water contents .............. 2434 1b.
iDhigknesshofMaores =, Jo . oLt e 274 in.
Active front area .............0.L... 400 sq. in.
Total radiating surface .............. 15,360 sq. in.

For the Livingston Radiator, the following information is
available: p

“For a 120 h.p. engine, from 16,000 to 18,000 sq. in. of
radiator surface is required. Fach square inch of projected
area of 4 in. section contains 50 sq. in. of cooling surface.
A 5 in. section contains 60 sq. in., and a 3 in. section contains
40 sq. in. Therefore, a radiator for a 125 h.p. engine will have
hetween 320 sq. in. (2.2 sq. ft.) and 360 sq. in. (2.5 sq. ft.)
projected area of 4 in. seetion. A radiator for such an engine
contains approximately 4 gallons of water. Of this, 1 gallon
is contained in the cells, the other 3 gallons in the headers.
‘The headers should be of such proportions that the lower has
about two-thirds the capacity of the upper.”

Practical Rules for Cooling Surface for Radiator
of Honeycomb Type

From Dr. Hunsaker’s experiments at the Massachu-
setts Institute of Technology, and certain theoretical con-
siderations, a surface of .83 sq. ft. per bhp. has been found
necessary for the honeycomb type. C. Sage recommends
1.08 sq. ft. per bhp. for an airplane of an average speed
of 60 m.p.h., and presumably a minimum speed of 45 m.p.h.
An allowance of 1 sq. ft. per bhp. seems very fair for
machines of medium speed. In fast machines of the pursuit
type, it would be possible to go considerably below this figure;
even if a fast machine makes a prolonged climb, it will never
do so at its slowest speed. Dr. Hunsaker has shown that an
empirical formula may be established of this type:

Al C X bhp.

where a = area of cooling surface, C is some constant and V
is the speed in miles per hour. A designer, who has satis-
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Maker @ E z -E: .E'% :ng S 3 ._.E’e_
Model £ = » = & B | 3 E] e
2 = : s » Rl EE e P 2
& ; | g | 2 | 2 | & | & | s | 32 | 32 | 33
s | Bl 2| %8| 8= | &2 |83|238 %5
z. & & & o S S =8 Ze = =8
Aeromarine 6 | Vert. | 85 | 1400 | 1150 | .7 069 | 440 | 37.5 | 31
Acromarine D-12 12 V. | 160 | 1400 750
Aeromarine 8 V. 100 Tk 410
Atwood C-12 12 v. | 150 | 2500 | 1250 | .64 592 63
Christofferson 6 | Vert. | 113 | 1450 | 1450 | .665 | .0266 | 510 | 67.5
: 8 V. 160 2500 630 65 85
Curtiss-Ox 2 3 V. 90 | 1400 | 1400 375 58y | 24%
“« _OXX 2 8 100 | 1400 | 1400 | .59 | .085 | 423 44 76
“« VX 8 v. | 160 | 1400 | 1400 | .575 | .032s | 645 62 56 |
“« VX 3 8 V. | 200 ; 73 031 | 667 70 o4
“ V4 12 V. | 250 ! 612 S 125 100 | 120
Duesenberg 4 Vert 140 2100 455 X
b 12 W 250 1800 425
Genl. Ordnance Co. 8 V. 230 1800 867
Genl. Vehicle Gnome 9 Roty 100 1200 ' 572 272
Gyro K 7 | Roty. | 90 1250 | 545 | .166 | 242 !
(5 9 | Roty. | 100 1200 T o.614 | 150 | 285 ' .
Hall-Scott A-7 4 | Vert. | 8090 | 1370 | 1370 | .47 037 | 410 34* | 40 . 5
e R 125 | 1300 | 1300 | 507 | .028 | 592 52¢ | 45 30 |
« T Awat | 6 | Vers..| 162 -]% 1395 | 1471 .43 | 562
Hispano-Suiza ,:i 8 ‘ Ve | 1se | 1800 L T S e 1 s |
e T AR N e s _| N 194 | 7
Packarq‘ — J_-12_. ,X- & 2?3—_ 2100 ‘ ey St S00 AT
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T A | U8 | V.| a0l bt WA . | s | o6 5 40 . .
S NS B SRR R
Thomas 8 | 8 V. 135 2000 | 1200 | 39 053 | 572 80 100 15.3 5
T e s | w | wo: [ 2000 59 | 185 g S
" Wisconsin_ 6 | Vert. | 140 | 1350 | 13s0 | 550 | 02 | 637 as* | 50 | 25 | .. | .
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Wrght | 6 | Vet | 60 | 1200 SRR SRR e 6.2

* Engine only.
t Figures obtained from test run.
$ Gallons per hour.
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factory data on a maechine of a certain speed, can employ
this rule for machines of a different speed.

Position and Resistance of a Radiator

Tests at the Massachusetts Institute of Technology show
that the resistance of a radiator may be represented by the

equation
RE=SECUCIE

where R = resistance in pounds
A = area of radiator face in square feet
V = speed in miles per hour.

and Ky= .00175

While these tests were conducted on very small sections, the
results are safely applicable to full-size radiators.

Figures on the resistance of a given section of radiator in
a current of air do not by any means settle the problem of
the best position for the radiator. Manufacturers bave
placed radiators in various positions, claiming minimum re-
sistance for each position. [f a radiator is placed behind the
propeller where the slip stream increases the velocity by
some 25 per cent, the cooling surface may be decreased by
25 per cent with a consequent reduction of resistance pro-
ducing area, but sinee the resistance varies as the square of
the veloeity, there is finally an increase of 25 per cent. These
or similar considerations have led designers to place radiators
underneath the wings. But it is forgotten that when a radiator
is placed underneath the wings, it is no longer a shelter for
the body. There is also the question of extra length of piping.
For radiators placed at the sides, Dr. Hunsaker’s opinion is
that a more generous allowance is necessary. Dr. Zahm’s skin
friction formula is of the form R = 0.00001581* V**p.
as we saw in Part 1, Section 3, AVIATION AND AERONAUTICAL
as we saw in Part 1, Chapter 3, where I is the length of sur-
face parallel to the wind. Owing to the greater length of
side radiators in the direction of motion, they are therefore
probably less effective.

The authors’ opinion is that the best and most natural posi-
tion of the radiator is behind the propeller, but the question
is hardly ecapable of a decision so far.

Practical Coustruction of Radiators

C. Sage, engineer of the Rome-Turney Radiator Company,
has submitted the following authoritative views:

“ As to the construction of radiators, we may say that the
simpler the outline the more durable will be the radiator—and
the cheaper. The cooling sectlon of honeycomb radiators
ought to have outlines composed entirely of straight lines—

curves in the lioneycomb are expensive and are weak polnts
for the reason that all honeycomb cooling seetions are at the
start made of rectangular blocks and then sawed to shape on
1 band saw like a board. The sawed-off waterways have then
to be patched up again with solder and their ends are naturaliy
not as strong as before. 'Then tiiis section has to be fitted to
the case and the more curves there are the more difficult
and costly the fitting will be. Concerning the case of the
radiator the same principle holds good—the simpler the design
the better and cheaper the product. All curved surfaces are
costly if they have to be produced by hand work and pressed
cases must be made in large quantlties in order to pay for the
necessary punches and dies and it takes a long time until
produetlon ean be started on them.

“ As for water connections hetween engine to radiator and
pump to radiator, it Is very important that they be large
enough to convey the large bulk of water with the least possible
pressure. If the connectlons are too smaill a considerable
vaeuum wlil be set up in the suction line from the radiator to
the pump and consequently air will be drawn into this line
at all leaky points, prominent among these being the stufling
box and the grease cups of the pump. This air wiil be mixed
with the water forming a milky liquid like charged water,
Inereasing its volume, and consequently a considerable loss
through the vent pipe will take place.

“ As to support of a radiator, the most satisfactory method
is the use of a cradle or cross piece at the front of the body,
in the case of a traector, on which the radiator is placed and
fastened by studs in the bottom tank. In the case of pushers.
many different suspension methods are used, none of which
can be ealled standard. and the same is true for side radiators.”

An excellent point made by the manufacturers of the Ajax
radiator is the reinforcement of the fins rear and front by
soldering on 1/16 in. wires. Dividing a radiator into two
parts by a small 3} in. deep water tank to permit settling of
the water, is another good point in this type.

As a general rule, the sub-division of a radiator into a
number of sections is advantageous. In the present ill-defined
position of radiator design, it is an advantage to be able to
inerease or diminish the radiator surface of a given machine.

References for Part II, Chapter 4

-- Surface Cooling and Skin Friction,” by F. W. Lanchester. British
Reports, No. 94, 1912-1913

9‘1‘6Notes on Radiator Desl'gn,"' by J. C. Hunsaker, derial Age, May 29.

* Aoronautical Engines,” by Francls J. Kean, 1916.

“ Aero Engines.” by G. A. Burls.

“ Entwerfen von ieichten Benzinmotoren.” by O. Winkier.

*“ Report on Aeronauticai Engines,” by Charles E. Locke, First An-
nual Report of the National Advisory Committec for Jeronautics.



Chapter V
Materials in Airplane Construction

Within the limits of one chapter it is impossible to treat
adequately all the data on materials required for airplane
construction. The data included here will be sufficient for the
purpose of our design, however, and a number of refer-
ences are appended. For practical work, the designer must
procure all necessary handbooks, make tests of his own special
fittings, and generally collect his own data.

Special Utility of Wood in Airplane Construction

It is the remarkable strength for its weight which makes
wood so useful in airplane construction. If we compare spruce.
weight per cubie foot 26 lb., tensile strength 9000 lh., with
mild steel weighing 490 lbh. per cubic foot with a tensile

4 000
strength of 60,000 lb., the spruce will be . e

60,000 X35 =29
times as strong for the same weight. ‘

The selection, mechanical properties and correct structural
employment of timber are, however, inexhaustible subjects,
and the following notes are the barest summary of the factors
the designer must have in mind.

Weight of Wood

The weight of wood varies greatly for the same species and
for portions of the same tree. Sapwood is heavier than heart-
wood, summerwood than springwood. Green timber naturally
weighs more than dry timber, due to the presence of sap and
moisture. The ultimate wood fiber of all species has a specifie
gravity of 1.6, so that no wood would float in water were it
not for the huoyancy of the air present in the cells and walls.

TABLE 1

Specific Gravity and Weights of Woods

Dry woods Wt. per cu. ft. lb. Speciic gravity
Ash, American white.................. 38, .610
Balsa..... A 6.5 .104
ggxwood. o 2(2) 29(2)

eITY . voer s L »
Chestnut...... 41, .660
(O, 3 S 15, .250
Bl . . 35. .560
Ebony.... 76.1 1.220
Hemlock.. 25. .400
Hickory...... 2 53. .850
Lignum-vite...... Mt 4 1.330
Mahogany, Spanish . 53. .850
Mahogany, Honduras. 35. .5
.. 49, -790
Qak, live.. 59.3 .950
Oak, white 48. 770
Qak, red. 40. .640
Pine, white 25. * 400
Pine, yellow....... 34.3 . 550
Pine, southern....... . 45, .720
Sycamore. . . .. b ReE 18 .590
Spruce........ . & 258 .400
Walnut. . &. .. ... . + 38, 610

'The weight of wood is experimentally determined by suh-
jeeting thin discs to an oven temperature of 100° Cent. until
they cease to lose weight by evaporation of moisture. Bnt
even with this provision, the resnlts will be extrenely variable,

and the value usually assigned to a given species is simply the
average of a large number of tests. Table 1, taken from a
Bulletin of the Forestry Division, United States Department
of Agriculture, will give values snfficiently accurate for design.

Weight is a good indication of the strength of wood, pro-
vided the amount of moisture contained is known. As a gen-
eral rule, we may say that a comparison of two woods, each
containing the same percentage of moisture, will show the
heavier to be the stronger; in fact, the strength will be very
nearly proportional to the weight.

Factors in the Mechanical Properties of Woods

The strength properties of wood depend on (1) correct
identification of species and variety; (2) age and rate of
growth; (3) position of test specimens in the tree; (4) mois-
ture content; (5) relative freedom from defects, such as
knots, ete.

Tensile Strength

Tensile tests are difficult hecanse tests ecannot be devised that
do not involve either shear along the grain or compression
across the grain. It is for the same reasons that wood may
be unsnitable in tension, though it is apparently strong under
such a stress.

Failure in tension along the grain involves principally the
resistance offered by the wood elements to being torn apart
transversely or obliquely. The strands of wood elements are
practieally never pulled apart by failure of the union between
adjacent strands or fibers.

Cross grain is prejudicial to tensile strength and rays, ow-
ing to their transverse position with respect to a load applied
along the grain, and small resistance to tension in a direction
normal to the direction of their fibers greatly weaken the
timber. Knots weaken wocd subjected to longitudinal tension.

Comipressive Strength

Individual fibers act as so many hollow columns bound
firmly together, and failure involves either buckling or bend-
ing of the individnal fibers or bundles of elements which
finally come to act almost independently.

Compressive strength depends on a number of factors: (1)
density; (2) strength of union hetween individual fibers as
affected by moisture content; (3) stiffness of wood fibers
(again largely a matter of moisture content); (4) continuity
of the conrse of longitudinal strands in a direction parallel
to axis of the piece. Woods in which separate elements are
closely interlaced and bonnd together will be stronger than
woods of opposite character.

The strongest woods in compression with the grain are,
roughly, in the following classes:
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(1) The dense and tough hickory, birch, hard maple, ete.;
(2) oak, elm, ash; (3) spruee, pine and fir.

Crushing Across the Grain

Crushing strength across the grain is dependent praectically
entirely upon the density of the wood. Crushing strength
meross the grain is, therefore, least for the lightest, most porous
woods, and greatest for heaviest and densest woods.

Compressive strength across the grain is to ecompressive
strength along the grain as 13 to 14 per eent for white pine,
eedar, cypress and spruee, 15 to 16 per cent for the various
grades of hard pine, 18 to 26 per eent for elms, 21 to 26 per
cent for ash, 22 to 26 per cent for oaks, 23 to 31 per cent for
hickories.

Strength in Bending

Iu eonsidering the strength of a wooden beam in bending,
several difficulties occur. Longitudinal shear is very important.
A wing spar may be amply strong in bending, and yet if
highly ehanneled out fail by longitudinal shear. The tensile
fiber strength of wood is mueh in excess of the eompressive
stress, but even if the eompressive fiber stress of wood is em-

2 o A 3
ployed in the formula f =%, it is no true eriterion. If this

formula is employed for strength eomputations in bending, it
is assumed that the material is still behaving elastieally up to
actual failure, and therefore that the fiber stress is still di-
rectly proportional to the distanee of the fiber from the neutral
axis. As a matter of faet, the elastic limit of the material
may have long been passed when the breaking load is reached,
the neutral axis may have shifted, and the extreme fiber may
be no longer proportional to the bending. Therefore, in stress
calculations for wing spars, these considerations should be
applied, making use of the modulus of rupture—for which
values are given in Table 2—deduced from aetual bending
tests, which are far more trustworthy guides.

Knots

Knots originate in the timber ecut from the stem or branehes
of a tree because of the encasement of a limb, either living or
dead, by the suecessive animal layers of wood. Most limhs
originate at the pith of the stem, and the knots found deep
in a log are therefore small, increasing in size toward the bark.
So long as the limb is growing, its layers of wood are a con-
tinuation of those of the stem. But a majority of the limbs
die after a time, and if a portion of a dead limb is subse-
quently encased by the growing stem, there will be no intimate
connection between the new stem wood and the dead wood of
the limb, and a hoard so eut as to intereept this portion of the
log will eontain a loose knot. A board eut from the log at
such a depth that the limb is intercepted at a point where it
was encased while still living will contain a sound knot, unless
the knot has rotted, become badly checked, or contains a large
pith eavity.

A sound knot is usually harder than the surrounding wood,
and in eoniferous woods is apt to be very resinous. On this
account it may eounstitute a defect because of its non-retentiv-
ity of paint or varnish. Otherwise it constitutes a defect only
on account of the disturbanee to the grain and difficulty caused
in working, or in the event of its oecurrence on the under side
of a timber used as a beam, a weak point exists, owing to its
small resistance to tensile stress. A knot constitutes an im-

pediment to the splitting of timber, sinee the fihers of the stem
wood above a limb bend aside and pass around the limb, while
the fibers below run continuously into the limb. Thus it often
happens.that a cleft started above a limb will never run into

‘a knot, but one started below. is very apt to do so.

The Effeet of Moisture on Strength of Wood

Loss of moisture does not affect the strength of wood iu
any way, until the total moisture content has been reduced
below the eritieal pereentage, which represents the fiber-sat-
uration period. Beyond this point, progressive loss of mois-
ture affects the strength very eonsiderably. Thus the strength
of green wood is only 50 to 60 per cent of normal air-dry
conditions (12 per cent moisture), while the strength of kiln-
dry wood exeeeds the strength of air-dry woods by some 50
to 70 per cent.

Time Factor in Tests of Timber

Timber differs from most other materials in that small
varintions in the rate of application of load have a more
pronouneed effeet upon the strength and stiffness shown by
a speeimen under test. If a timber-compression block or
beam is loaded rapidly, it will appear to have a higher elastie
limit and ultimate strength, and will also appear to be stiffer,
than it will if loaded less rapidly. This is due to the faet
that the deformation lags far behind the load, and if any
load is permitted to remain upon a specimen for a time the
deformation inereases, the amount of increase becoming greater
for heavier loads. Aetual failure appears to be consequent
upon the attainment of a eertain limiting amount of deforma-
tion or strain, rather than a limiting load or stress.

Difficulties of Wood Construction in Airplanes

The eomparative values of Table 2 demand the most eare-
ful study. A eertain type of timber may be most suitable
for the direct stress to whieh it is subjected, yet fail completely
under eertain indireet stresses, either inherent in the econstrue-
tion or due to faulty design. For example, at the hinging
of a wing spar to the body, if the holts are not eorreetly
placed, they may shear out the wood. These points will be
considered in detail in the design, but enough has been said
to show the value of studying not only the direct stresses on
a pieece of timber in a nachine, but also the indireet stresses
produeing erushing aeross the grain, shear, ete.

Strength Values for Timber

In no material are such conflicting values given by various
authorities as for timber. The size of the specimen under test,
the dryness, the method of applying the load, and its previous
history, all tend to introduce diserepancies. Until the Bureau
of Standards, or some other testing laboratory, has gone thor-
oughly into the question, all the values employed by airplane
eonstruetors will be open to suspicion. Table 2 is a summary
of information taken from various sources. This table is not
unimpeachable, but it approximates elosely values used in
current praetiee. In airplane design, fiber stress is still taken
as a enterion, without due consideration of the modulus of
rupture.

Aeknowledgement is due Prof. W. H. Keith for eollabora-
tion on brief notes on timber,

'
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ettt 12,000 | 1,600 | 9,000 |1,300 | 1,500 | 56.5 | 15,660

Balsa...... 11,000 | 1,600 | 1,200 60-70

Beech.....| 11,000 | 1,600 | 8,600 1,200 10,000
Birch......| 15,000 | 1,800 | 3,500 1,050 11,700
Cedar..... 10,800 | 700 | 5,700 7,400
Elm,...... 1o,ooo| - 7,000 8,800
Hickory. ..| 15,000 [ 2,200 | 11,000 | 944 | 1,500 15,000
Mahogany.| 16,000 8,200 11,000
Maple.....] 11,150 [ 1,500 | 7,150 | 606 | 1,130 12,000
Oak.......| 15000 | 2,000 | 7,000 | .. | 1,215 [1,139 {10,600
Pine,yellow| 13,000 | 1,100 | 5400 | 342 | 640 | 310 | 4.760
Pine, white| 10,000 | 1,100 | 5,000 | 314 640 | 304 | 5,000
Spruce..... 9,000 | 600 | 6,500 | 400 500 | 272 | 9,200

Wires and Cables

The following terms are in common use: (1) “ Solid wire
stay”’ or “aviation wire” of one wire of suitable diameter;
(2) “strand stay,” consisting of either 7 or 14 wires stranded
together and known to the trade as “aviation strand”; (3)
“cord” or “rope stay,” consisting of 7 strands t\wsted to-
gether, forming a rope, the strands being either 7 wires or 19
wires; (4) “flexible cord,” ecomposed of six strands of seven
wires, with a center of either cotton or wire, as ordered. The
cord with the cotton center is eonsiderably more pliable than
that with the wire center.

Vanadium steels and other special steels have not as yet
become established as desirable wire steels, and carefully made
high-grade carbon steel is at present most largely employed in
the manufaeture of wires and cables.

Properties of Metals

Only the briefest outline can be given of the metals that are
commonly employed in ‘airplane construetion. To enter into
any adequate diseussion of this braneh of the work would
require a bhook in itself. The eonstructor must keep constantly
before him some standard book on this subjeet and at the same
time resort to strength of material and part tests whenever
new combinations are to be employed in his design.

The following table of weight and melting points for various
metals may be of service:

Weight per Weight per Specific Melting pomt
Metal. cu. in, cu. ft. Gravity. Fahr, °,

Aluminum...eoeneeenn .096 166 2.66 1,215
Antimony... 242 418 6.70 786
Bismuth. .. .350 607 9.74 516
Brass, cast . 202 504 8.10 1,635
Brass, rolled.......... .303 524 8.40 e
Bronze, gunmetal..... .305 529 8.50 1,800
Copper, cast.......... .314 542 8.70 1,980
Copper, cold......... 321 556 8.90 iy
Duralumin et = o - .103 178 2.85 (approx.)1,300
Gold, 24 carat........ 694 1,204 19.26 1,950
Irom, east. . a. ... .260 450 7.21 2,012
Iron, wrought........ .278 480 7.70 2,912
Lead, cast.. R 311 710 11.38 621
Mercury 60° Fahr.... .489 846 13.58 iy
Monel metal......... .320 553 8.85 2,480
Blatinurm {. J.« . Sl 779 1,342 21.50 3,236
Silver. ... ). T .378 655 10.50 1,762
Steel, rolled.......... .283 490 7.85 2,652
hn; cast.. e hErEhlr . - . 266 459 7.35 4

Zine, cast. . .cveeaann 248 429 6.88 786

Strength and Weights for Wire and Cables
TABLE 3

ROERLING SOLID WIRE

Diameter Breaking strength Approximate weight

of cord, of cord, per 100 ft.,
Inches Pounds Pounds
1/16 400

5/69 480 .83
3/32 780 1.30
7/64 830 1.50
1/8 1,150 2.20
5/32 2, 4.20
3/16 2,750 5.30
7/32 4,000 7.43
1/4 5,000 4.50
5/16 7,900 15.00

ROEBLING’S 19 WIRE GALVANIZED—AVIATOR WIRE STRAND

1/32 (7 wire) 185 0.30
1/16 500 0.78
% 5/64 780 1.21
3/32 1,100 1.75
7/64 1,600 2.60
1/18 2,000 2.88
5/32 2,800 4.44
3/16 4,200 6.47
7/32 5,600 9.50
1/4 7,000 12.00
9/32 8,000 14.56
5/16 9,800 17.71
11/32 12,500 22.53
3/8 14,400 26.45

AMERICAN STEEL AND WIRE C‘é). GALVANIZED (19 YIRE) AIRPLANE
TRAND

1/32 (7 wires) 125 .23
1/16 500 .89
3/32 1,100 1.70
1/8 2,000 3.3
5/32 3,000 5.1
ROEBLING’S 7 BY 19 HEAVILY TINNED—AVIATOR CORD
1/8 2,000 2.88
5/32 2,800 4.44
3/16 4,200 6.47
7/32 5,600 9.50
1/4 7,000 12.00
9/32 8,000 14.56
5/16 9,800 17.71
11/32 12,500 22.53
3/8 14,400 26.45
by
ROEBLING EXTRA FLEXIBLE AVIATOR CORD, 6 x 7 COTTON CENTER
5/16 9,200 16.70
1/4 5,800 10.50
7/32 4,600 8.30
3/16 3,200 5.80
5/32 2,600 4.67
1/8 1,350 2.45
7/64 970 1.75
3/32 920 1.45
5.64 550 .93
1/16 485 .81
AMERICAN STEEL AND WIRE CO. GALVANIZED OR TURNED FLEXIEBLE CORD
3/16 19x7) 2,600 5.52
5/12 (19x7) 1,800 3.85
1/8 (19 x3) 1,150 2.45
3/32 (12x3) 725 1.55

The figures given above have been revised, and the following
table will supplement the previous values.

RoOEBLING TINNED AIRCRAFT WIRE

American Minimum
gauge breaking Weight
(B&S) Diameter, strength, Ib. per
Number in. Ib. 100 ft.,
8 .128 3000 4.40
.114 2500 3.50
10 .102 2000 2.77
11 .091 1620 2.20
12 .081 1300 1.744
13 .072 1040 1.383
14 .064 830 1.097
15 057 660 .870
16 051 540 690
17 045 425 547
18 0 340 434
19 036 280 344
20 032 225 273
21 028 175 216
ROEBLING 19-WiRE GALVANIZED AIRCRAFT STRAND
Diameter Breaking &ppmxlmate
of strand, strength of weight,
in. strand, lb. Ib. per 100 ft.
5/16 12,500 20.65
1/4 8,000 13.50
7/32 6,100 10.00
3/16 4,600 7.70
5/32 3,200 5.50
1/8 2,100 3.50
7/64 1,600 2.60
3/32 1,100 1.75
5/64 780 1.21
1/16 f 500 78
1/32 7 wire 185 .30
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RoeBLrNo 6 x 7 (CorroN CeENTER) GALVANIZED AIRCRAFT CORD

Diameter Breaking Approximate
of cord, strength of weight,
in. cord, Ib. Ib. per 100 ft.
5/16 7,900 15.00
1/4 5,000 9.50
7/32 4,000 7.43
3/16 2,750 5.30
5/32 3, 4.20
1/8 1,150 2.20
7/64 1.50
3/32 780 1.30
5/64 480 .83
1/16 400 .73
RoeBLINOG 7 X 7 (WIRE CENTER) GALVANIZED AIRCRAFT CORD |
Diameter Breaking Approximate
of cord, strength of weigbt,
in. corg, 1b. 1b. per 100 ft
5/16 9,200 16.70
1/4 5,800 10.50
7/32 4,600 8.30
3/16 3,200 5.8
5/32 2,600 4.67
1/8 1,350 2.45
7/64 970 1.75
3/32 920 1.45
5/64 550 .93
1/16 485 .81
RoEBLING 7 x 19 TINNED AIRcRArT Comn
Diameter Breaking Approximate
of cord, strength of weight,
in. cord, 1b, 1b. per 100 ft.
3/8 14,400 26.45
11/32 12,500 22.53
5/16 9,800 17.71
9/32 8,000 14.56
1/4 7,000 12.00
7/32 5,600 9.50
3/16 4,200 6.47
5/32 2,800 4.44
178 2,000 2.88

Wire, Strand or Cord

Roebling’s report does not settle the question as to whieh is a
eorreet seleetion. A eomparative table shows the progressive
decrease in strength.

Material, Diameter, Strength of material.  Strength of stay
Wire 3/16 5,500 5,100
Strand 3/16 4,600 4,100
7 by 19 cord 3/16 4,200 3,500

A stranded or cord stay has about 20 per cent more aero-
dynamical resistanee tban a solid wire of about the same
diameter. There appears to be a slight advantage in favor of
solid wire as regards strength of stay. On the other hand, the
strand stay is one and a third times more elastie, the eord one
and three-quarter times more elastie than the solid wire. In
Ameriean praetice all three types of stays appear. No doubt
the use of strand or eord is justified by the extra elastie stretch
and flexibility.

Exact data on the fatigue values of the three materials is
not available, but it is well known that strand or cord will
stand up muech better to vibration than a wire. Also in a
continuous beam strueture such as that of a wing, there may
be deflections of unknown magnitude, in which case the more
elastic cable will be somewhat safer. On the other hand an
exposed cable is liable to damage. A single small wire of one
strand may be damaged and lead to the eventnal destruction
of the whole cable. 1n the covered in body a cable is not likely
to be damaged. The problem is by no means settled yet, and
only comparative experience in actnal flight and fnrther experi-
mentation can give a definite solution.

Tunrnbuekles

The breaking strength of turnbuckles made of precisely the
same material will vary enormously with every type of con-
struction, and the makers’ eatalog or data sheet has to be eon-
sulted for every special case. In Figs. 1 and 2 are shown two
representative types, the Curtiss and the National, Burgess,
Meyer, Binet types. The weights and strength values are
fairly representative of what ean be obtained from this impor-

tant brand of airplane material. In Table 4 are given results
of tests on some specimens of the Standard Screw Co. of
Pennsylvania:

TABLL 4

STANDARD SCREW CO. TURNBUCKLES

Manufacturer Mean break- Mean break- Initial shank Weigbt in 1b
number, ing load.  ingload from test. area per 8y, in. Long,barrel male
326 2,150 2,432 .01864 .122
327 2,850 3,496 .0260 .167
328 3,500 4,605 .0350 .232
329 5,000 6,545 .0515 .275
330 840 9,530 .0794 .411

Mean tensile strength of shank, 128.610 lb. per sy. in. Material—shank, 3% per
cent. nickel steel, heat treated; barrel, robin bronze. Turnbuckles are madefin
short and long male and female ends,

Strength of Steel—Pounds per Sq. Inch

Tension Compression o Shearing
p}gmatg U]lé.imate U]l(tiimabe
yield point. ield point. vield point.
0.05% C for rivets..... 45,000 22, 76’.1000 40,000 ,000 22,
0.10% C boiler plate... 55,000 30.000 95,000 65,000 50,000 28,000
0.25% C structural.... 65,000 34,000 110,000 85,000 55,000 32,000
0.40;0 Crails......... 70,000 45,000 120,000 90,000 ! 35,000
0.90% C macbinery... 90,000 70,000+ 140, 110,000+ 70,000 #*45,000
1.00 to 2,009 tool.... . 150, none 200,000 none 120,000 none
*When wcfl annealed.
Modulus of elastieity.
Direct Shearing
1121 LA vy e St o e 26,000,000 13,000,
AP, . M T E. N a0 28,000,000 13,500,
0.25;, 5 10 D Ui I i Al 0,000,000 14,000,000
0 W - 71 £t - < & oI 0,000,000 14,000,000
ISR . D AL 32,000,000 14,500,000 When well annealed,
1.00t062.00%C.........ovnvnnn 35,000,000 16,000,000 When hardened.
Modulus of Rupture
L S T Ty S M P 1.0 (t.s.
Lor Fouateb’tll ». . .. <50 T B L sy L e S 1.2 (t.s.
Fot+high Teethngles.: . ., % 110, Mialubor Bad o 5 b oI 1.5 (t.s.)
For rounds andidiamonde . S3 Al X SN . il s 1.8 (t.s)
Strength of Steel Castings—Well Annecaled—
SMALL CASTINGS
Tension Compression Sheariné )
Ultimate yield point Ultimate yield poiat Ultimate yield point
60, 0,000 80,000 45,000 45,000 25,000
Modulus of elasticity (direct)............o.ooiiiiiii.... o B0 oo - 29,000,
Modulus of elasticity (8hearing)...........c.cvuiiiiiiiiinniinanns .. 13,000,000

Modulus of rupture ir same ratios as above.

LARGE CASTINGS

Tension Compression Shearin;

Ultimate yield point Ultimate yield point Ultimate yield point
40,000 20,000 70, ! ) X
Modulus of elasticity (direct)...ovveeeeiiereeiereineeecnrernnaans 28,000,000
Modulus of elssticity (BheariBE) v .t ivreeereeeeeneeeeesernnnnnnn 13,000,000

Modulus of rupture in same ratios as above. 3
]Sbeel Castings with Vanadium show about 20 per cent increase over the above
values,

Special Steel Alloys—Pounds per Square Inch

Tensile strength, Yield point
MaDZaAnese. . o« ot i oo it 3o Up to i up to 90,000
Nielel b A 3T SNt 2 140,000 C4 90,000
Cbrome Vanadium,................ " 200,000 - 175,000
CbhromesNiekel...............co00n. g 140,000 W, 100,000
TORERORE A o oo b s 4 e ol o - A 170,000 s 150,000
Chrome Tungsten.................. il 185,000 o 160,000

Strength of Copper, Alnminum and Varions Alloys—
Pounds per Square Inch

CAST COFrer

ILORRIOD,. .. LB o 4 e o Sl S S  EAPPS SN 22,000

COMPIEBBIoR . . it .t o v ans poss on PTRDRRTT, 28 55 e 45,000

ERolsieg & . A 840,04, 1, .| Liwig et TIRCTESNE SEE 18,000
Modulus of clasticity ﬁdireet) ..................................... 12,000,000
Modulus of elasticity (8hearing)........c.oveiieeeeiernnionieanacens 8,000,000
Modulus of rupture (rectangular sections)...............c0vveveenns ,

CoLp ROLLED OR IIAMMERED DPLATES

TeolsioW. . . .o% .= .. 70 @ ' aty e e R v ¢ 32,000
GOMPDTEPBION 1. o,. 1o ou s ot « pspoln ke 1o BTN TR < & < LEEE: - 60,000
Shearing......... R L L~ ool e ™ - o od- Boo 28,000

CoLp DRAWN WIRE

DORMOn. .. . LA so. . oL T, S 50,000 to 60,000

Modulue of elasticity of cold worked eopper 17,000,000. Copper has no well
defined yield point.

A
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Cur- Th'ds
tiss | No. ([A|B{C|{D|E|F|G|H|IT|J|K|L|M|N[Oo|P|Q|R|s|T|u|v|w|x| Per |Brkg|Cable|Weigbt
No. ineh | Stress
spectial  [73¢la [ 36 | 36 | 56 | a0 |1 |30 |26 6 | | w [u || aos | a | || nl sl 2 | ssis (Gl
3 326 (8 (4 | v | % | % | % | & |-259 35 (203 K [ 56| 26 |.110] o | A | B | A& | Y| & | &| %141 30 [218| &
327 |7hle [ {5 | 8| R | M lasy) oy |.234 & | B | M4 | W | M| 8| &% %] & K1%18] 28 | 3037 able
328 (7334 | B | B | &% (215 & [.265 & | H | S | B | S| K | K| BB | Y4 Kl 26 3993
320 (7|4 | M| | B | H | & |28 & | %K% | g Al | A% &N H1s1a 26 [5750] %
10GA
3265 (3312 | o | A& | 36| 8| & |.159) 36 1.208] 3 | 56| ¥4 |.110) fe | | B | x| M| & | B A &| 38| 30 | 2183 |Wire
$ 8GA
327-S [4d[2)6| 24 | 56 | 2t | ¥ | o |.187| & |.234| & | H | 56 |.110) 35 | M | 8 | % | 6| 25| o M| &| | 28 3037 |Wire
Material:—Mang. Bronze and 53-Ton Steel
I'10. 1.— CurTiss TURNBUCKLES,
i ikl
IR S e N oy S . Jid ot e
Ny Gl 1 RS
BNy of !

SPECIMEN L H dy ds da du ds 1 Weight lbs. | Estimated Load. Remarks
Pounds
National No. 324.............. 2.35 1.30 528 .23 A% - A5 .20 .45 .039 1250 Failure in shank.
National No. 327............. 2.50 2.50 .40 .32 .19 .23 .35 .60 161 2200 Yield in barrel.
National No. 328............. 5.00 2.75 .48 .37 .20 .27 .40 .63 .229 2800 Yield in barrel.
National No. 328............. 5.00 2.80 .46 .38 .22 .27 .40 .70 .242 2200 Low valuo due to dr
National No. 329............. 6.00 3.25 .54 .44 .23 .31 .47 .83 .361 4000 Yield in barrel.
A. J. Meyer No. 3............ 2.35 1.30 .28 .21 QL .15 .19 .45 .037 1200 Yield in barrel.
Above average.
A% J: "MayarsNoSAs St v . . ... . 3.00 1.75 .32 .20 .14 .18 28 .45 .0682 1500 Yield in barrel,
A.J. Meyer No.6............. 4.50 2.50 42 .32 .19 .23 .35 .33 .161 2200 Yield in barrel.
Al JoMlayeris. o . 5 e - L 6.00 .20 L7 2800 Failure in shank.
A.J.Meyer.........o.oaool) 4.80 2.70 .62 .51 .30 §8 .37 .80 . 506 7000 Yield in barrel.

Estimated load based upon average strength at vield point of barrel 41,000 Ib. per sy. in. Average tensile strength barrel. 63.000 lb. per sy. in. Average
tensile strength of shank 130,000 lb. per sy. in.
F16. 2:—MEYER. NaTroNAL, BURGEss Axp BINET TURNBUCKLES.
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CAST ALUMINUM
TORMION.. 10 0,010 s Briitnciose TerRETR e LN T RS Y oY 14,000
Compressi . 25,000
Shearing....
CoLD WORKED ALUMINUM ILATE AND WIRE
U TR SRR R SRS B 0% o ofh0 § o 24,000 (Plate)
Temeioh: X, ... . ¥ - AL o . 40,000 (Wire)
Modulus of elasticity (direet)..........covvurverveioresrscoscecions ,000,000

Aluminum has no well defined yield point.

DURALUMIN

Tension, 33,000; Compressian, 68,000; Modulus elasticity, 10,000,000.
High brass..........Tension 35
SORSSR N T, > eY
Composition.........
Bronse:............
Phosphor bronze
Tobin bronze..
Tobin bronze..
Delta metal,....
Manganese bronz

30,000
‘30,000 to 75,000 varying with composition.
‘40,000 to 130,000, varying with form.
80,000, yield point 50,000 hot rolled.
‘100,000, éield point, 70,000 eold rolled.
“ 45,000 Cast. Tension, 70,000 cold rolled.
. " 70,000 lbs, /8y. in. .

Compression, 120,000 Ibs. /sy. in. !

Monel metal (hot rolled)..... Tensinn (ultimate) 88,150 lbs./sy. in.
-3 (yield. 58,000 lbs. /sy. in.
elongation in 2 inch, 38 per cent.

The steel at present in common use among manufacturers
is the mild sheet steel generally designated as cold rolled steel
(C.R.S.). Whether its easy working qualities or its cheap-
ness and easy supply has brought about this poor choiee, is
hard to judge. It is a relief to find that the constructors and
the Government are endeavoring to do away with this most
unreliable aund inefficient of materials. Instances have only
too often been brought to our attention when upon the com-
pletion of some small stamped fitting, the apparently solid
metal is found to be of two distinet layers of thinner metal
held together only at a few points. It is not well, however,
to jump too quickly to the other extreme and attempt to unse
the very high strength alloys—requiring expert working and
heat treatment. Companies to-day are, with a few exceptions,
not in a position to undertake this added responsibility and
the forcing of such delicate work upon inexperienced hands
would be as dangerous as the present methods.

The following table outlines the general influence of chemieal
composition of the physical properties of steel:

£ g ]

= i z @

£ S & 8 88 » g .

I < &0 @ WD Led 2

8§ & 3z g £ § § &pg%5 =

2 o = & E g g, §S yis 2

% ¥ % 8 8 g 2# 2§ 5§ D

§ & 5 5§ § £ €& ¥5 58v 3

B A & & A &F &% et B
Carbon....... 1) + - + 2) 4+ (12) + - —
Phosphorus (13) e 3) 0 cee (B — — 0 o
Manganese - — + (5) 3
Sulpbur....... 0 — —
ilicon........ (6) 0 ) E
Aluminum...., (8) 0 —
Vanadium..... + + 9 + + od
Chromium..... -+ + “+ + --
Molybdenum.. + + pera
Tungsten...... + L o ar
Nickel........ + P [€9)] + + +
Copper.. i 0 (10)
Oxygen. . 5 ar QUEL  Soc
Nitrogen...... + Ib0

(1) 4 up to 1 per cent., then —; (2) + up to 0.85 per cent.; (3) 0 up to 0.1
per cent., then —; (4) + over 0.1 per cent.; (3) + up to 0.5 per cent.; (6) —
above 1.5 per cent.; (7) — over 6 per cent.; (8) — over 0.85 per cent.; (9) —
slightly; (10) — aver 1 per cent.; (11) — from 2 to 7 per cant.; (12) + up to
0.3 per cent., then —; (13) + up to 0.1 per cent., then —,

The above table, while very comprehensive, should not be
considered as final,

The matter of weldability of the chrome vanadium and
nickel steel is indefinite, very reliable information showing
that 3%4 per cent. nickel steels give better welds than the ehro-
mium steel.

The S.A.E. Speeification No. 3130 for a low earbon ehrome-
nickel steel, or Specification No., 2330 for 3% nickel stecel
would scem to meet the requirements of the manufacturers as
well as the Army Specifieations of the S.A.E. No. 6130
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chrome-vanadium, eliminating at the same time, the great
danger of segregation due to faulty heat-treatment.

Heat treatment and its influence cannot be gone into; it
requires very careful study and infinite care in application.

Strength and Weight of Mild Steel Rivets and Pins

Diatﬁzhzr. inches. Strength in Pounds

Single Shear. Double Shear. Crushing + ¢.
1/8 1,000 d 1,200
3/16 1,600 3,000 N 1,800
1/4 2,750 4,500 2,400
5/16 3,900 7,000 2,800
3/8 5,000 9,800 3,600
1/2 9.000 17,800 4,800
3/4 20,000 40,000 7,200
1 35,500 71,000 9,600

The above values are based upon a shearing strength in
pounds per square inch fs = 45,000 and a erushing strength,
fe = 96,000.

R f4—d for single shear.

P; = fcdazt, for erushing, where ¢, the thickness of the plate
or other piece held by the rivet or pin.

The values for crushing have been worked out for a plate
1 inch thick, therefore the erushing strength for various thick-
nesses of plate may be computed by multiplying the above
values by “ ¢ ” in inches.

If the erushing strength of the rivet is greater than its
shearing strength the design should be based upon the
smaller result.

In case the bolt is subjected to a load other than tension,
the strength should be based upon the corresponding form of
loading. When bolts and pins are used in turnbuckle fittings
and wire connections they are usually subjected to a form
of bending and should be ealenlated as a beam round cross
section loaded at the center.

f= _.71__II,,’ where f = modulus of rupture, M = bending mo-

ment due to load generally considered econcentrated at the
center, Y == distance from neutral axis to most strained fiber,
in this case 14 D; I =— moment of inertia of cross section.

In figuring belts that pierce wooded members the failure of
the woed should be considered first, sinee in this type of con-
nection rupture is most often ecaused by the fastening pulling
out or loosening due to the wood erushing in front of the
P=—=fcX LX D, Where P=crushing load, f. = crushing
strength of wood, L — length of bolt in wood, D = normal
bolt diameter.

United States Standard Bolts and Nuts

o o o . . . P w .
Q s o £ 3= g g2
) - 19 A . 3]

3 g8 ¢ 8% & 58 5 g A

= & & g @ g5 g9s da

£ T g R 28 HIRs

‘v - X = S X3 ag
Q b= . b - = [o% -1 [=% "
ZE A5 Al G [ @& <88 <88
1/4  0.185 0040 0.027 20 1/4 0.578  0.707
5/16  0.240 0.077 0.045 18 19/32 0.686 0.840
3/8 0.294 0.110 0.068 16 11/16 0.794 0.972
7/16  0.345 0.150 0.093 14 25/32 0.902 1.105
12 0.400 0.19 0.126 13 7/8 1.010  1.237
9/16  0.454 0.249 0.161 12 31/32 1.119 1.371
5/8 0.507 0.307 0.202 11 1- 1/16 1.227 1.503
3/4 0.620 0.442 0.302 10 1- 1/4 1.443 1.768
7/8 0.731 0601 0420 9 1- 7/16  1.661  2.033
1 0.837 0.785 0.530 8 1- 5/8 1.876 21208
1-1/8  0.940 0.994 01694 7 1-13/16 2093  2.564
1-174 1065 1.227 0881 7 2.310 2828
1-3/8 1.160 1.485 1.057 6 2~ 3/16 2.527 3.094
1-1/2 1.284 1.767 1.205 6 2- 3/8 2,743 3358
1-5/8 1.383 2.074 1.515 5-1/2 2-9/16 2.959 3.624
1-3/4 1.431 2.405 1.746 5 2- 3/4 3.176 3.889
1-7/8 1.616 2.761 2.051 5 2-15/16 3.393 4.156

Nore:—Decpth of nut = nominal diameter.

Depth of head = one-half short diam. of hex. and sy. nuts.




AIRPLANE DESIGN.

The strength of United States standard bolts may be based
upon the formula P— A X f;. Where P = the strength of
the bolt, f; = tensile fiber stress per sgnare inech = 65,000,
A — effective area at root of thread. Solving for D the nom-

inal diametér D =—1.24 |2 4 088
\ ft

Airplane Fabrics

The general requirements and tests for airplane fabries are
well summarized by the following table:

LLe e

- Y L -

LA

Approximate breaking strength
per inch.

Quality

Wing Dope and Varnish

101

Warp. Welt. Weight per sq. yd.
72 1b. 78 lb. 4.00 oz.
905, ** 01.9 * 4.00 ¢
108.5 94.6 4.00 “
114.7 * 103.6 * 4.00 *
112 X 115.6 4.12 "
£ 123.4 " 3o, &

The following notes on dope and varnish may he of interest

to the manufacturer:

e}

3
@)

%)

Fabric should present reasonably great resistance to flame.

1t should be proof against the action of salt water, moist air, extreme dryness
quick changes of temperature.

It should not stretch in any direction. 4 ) .

It ;ll;omd have a tensile strength of at least 75 lb. per inch width in any,

irection,

The tendency to tear and split because of tacks, bullets, etc., should be
almost nil, _

The weight should be taken in an atmosphere of 65 per cent relative hu-

(6)
midity at 70° Fahr, - 1

(7) The weight, yarn number and tensile strength of the fabric should he ob-
tained when it is in a bone dry condition, i. e. after it has been subjected to
a temperature of 221* Fahr. for two hours. .

(8) Identity and average length of fibers should be ascertained. X

(9) Determination should be made of the percentage moisture “regain’’ under
the available range of temperature and humidity.

(10) A shrinkage determination should be made.

Some Representative Specifications, Strength and
Weight Figures

In Table 4 are given some representative specifications which
represent the average values of current practice.

TaBLE 5.
Specifications Weight Threads Threads Strength ~ Strength
per per per per inch per inch
square inch inch width width
yard warp weft, (warp) weft
ounces lb. (lb.
Curtiss No. 66........ 1 96 100 91 102
Oct, 26, 1916 5
R. A. F. No. 17-C..... 4 92 95 92 95
U. S. Army No. 1002..3.75-4.4 94 100 75 .85
(minimum)
McBratney tests...... 4 95 99 — 108
Clarence Whitman 3
(0otton)sce oo oo oo 4 275 threads per sq. in. 87 96

Messrs. Lamb, Finlay and Co. have kindly communicated
the average values of tests extending over a number of ship-
ments, in acecordance with British Government specifications:

“Three pieces are cut from the length and three pieces from the width of the
goods. These samples must be long enough to leave 6 in. clear between the grips
and sufficiently wicﬁe to leave the test pieces 2 in. wide after trimming. The test
pieces are soaked in water for two hours. They are then taken out and the excess
water is removed and the goods put in an Avery machine, the load heing applied at
the rate of 50 lb. per inch width per minute.”

This method of testing, while apparently arbitrary, is con-
venient and avoids errors due to humidity changes, and is
preferable to a test on dry material.

In the National Advisory Report the following figures are

given for fabrics of diffcient weights:

Weight in ozs. Strength

per 54, yd. Warp Filler
B o . BL e b A 3.67 65.0 54.4
Thow %o o it o PR ST e A 3.78 69.5 49.2

| A B N B B Rl 3.87 80.7 79.
- SRR e T O 4.04 86.9 74.0
r o At e B 5 S e A 4.09 90.2 82.7
LR B PIREd e ey e 4.48 82.9 100.1
SO0 B o p Lo T 4.60 95.0 60.0
e Al NPT N P, = = 4.86 90.4 102.5

Dope alone on Irish linen surfaces has proven very satis-
factory. Four to five coats, allowing ahout one-half hour for
drying between each coat are ample protection for the most
severe conditions. Very rigorous tests on samples exposed
to the weather during the month of February resulted in no
ill effects, the cloth remaining tight, glossy and without spots,
cracks or tears. The weight of the covering is increased about
.66 oz. per square yard per coat, with an application of ap-
proximately one gallon to ten square yards.

Varnish finish is recommended in many cases as more
permanent and, being less effected by salt water, has some ad-
vantages on water machines. When repairing is to he done
it is first necessary to remove the varnish before the pateh is
applied with dope, as a glue, causing some inconvenience.

Doped surfaces have about 8 per cent to 10 per cent more
strength and more resistance to tearing. It is necessary to
redope all surfaces every three to five months.

Cotton and silk fabries have a tendeney to rot when covered
with dope or varnish and such surfaces are not recommended.
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Chapter VI
Worst Dynamic Loads; Factors of Safety

One of the most difficult problems in aeronauties is the
estimate of the worst loads likely to eome on under unusual
circumstanees, on whieh alone correet allowaneces for faetors
of safety can be based. In speaking of factors of safety, a
distinetion must be made between the load faetor of safety and
the gross faetor of safety. Thus, if the load faetor of safety

Fie. 1
for a eertain part of the maechine is four, the material
employed may be so untrustworthy that an allowanece for it,
of say one and a half, may have to be made, bringing up the

gross factor of safety to six. It is the gross factor of safety
whieh is eommonly spoken of as the faetor of safety.

jevator |

Conditions Under Which Heavy Loads Come

Heavy loads eome on an airplane under so many eonditions,
that the following elassifieation is probably ineomplete. It is,
however, all that is possible in the present stage of the art.
(4) In the air: p

(1) in flattening out of a steep dive

(2) in heavy banking

(8) in looping

(4) in sudden gusts.

(B) On the ground:

(1) on landing
We shall consider these eonditions one by omne as far as
possible.

The wing strueture will meet with the greatest loads in the
air. On landing, the wing strueture has to meet only the shoek
resulting from the dececeleration of its own weight whieh may
be some 12-15 per cent of the weight of the machine, while in
the air, it has to support the whole weight of the airplane and
under certain conditions five or six times the whole weight.
It is in the air, therefore, that the wings meet the worst eondi-
tions. The body may ecarry severe stresses in the air when
powerful forees ecome into play on the rudder and elevator,

- but it may also be powerfully stressed on landing. For

chassis design, it is only landing and taxi-ing stresses that need
be eonsidered.
(1) Flattening Ont After a Steep Dive

The exaet mathematical eomputation of stresses in sueh a
ease is not yet possible; it is, bhowever, interesting to see how
such stresses arise, and how they are limited.

In order to have a eoncrete ease, we will consider the Clark
model tested at the Massachusetts Institute of Teelinology, and
deseribed in Hunsaker’s “ Dynamieal Stability.” This had the

following estimated characteristies:
Wing area Including ailerong. SLEISE .« Loy e 464 sq. ft.

PRIE o yionone oo o sloksl slolle sholsHoleretave s Tok. He Iou. ¥, FENC A RS eo PR 40.2 ft. mean
Areq;  stabllizer. ... ... M. vt S R 16.1 sq. ft.
AToR, , GIOVATOTS oo liote's oo s eionaloiss ke iote s osb alode T T oS 16.0 sq. ft.
Ared; PRAABE. o 8 T Sl ore o nti £ SO Iy (A 9.35 sq. ft,
Longth, 'Wodyd cd Sk olae oo oo oftRt eants b orotiletss s ok SNk LR T 24.5 ff,

Welght -(tahks Balf LUI1) . .o ofih oo ions ot sreloronsio oot el 1600 1b,
5.2 ft. in roll
Radil Of (Eyrationl. (% i = ST RRE i rle s o STt 4.65 ft. In piteh
6.975 ft. In yaw
DBrake. hOrse-DOWET, et s oo o ote s o b0 o ohe’es o s slols BTl 110
MEXIMUM 1 ODOCU. s o7 « cie e o oo o Biolel &0 300 oW, Sho 00T S AR 57 m.p.h
Minimun Bpeedy. . . 35« o dais o o il dopih e e Ty 35 m.p.h
Best glide in 9

For a tail setting of —5 deg. to the wings, the model
(1/26th full size) had the following forees aeting on it at a
speed of 30 m.p.h., whieh we shall use without eorreetion for

transferring to the full size maehine:

Lift on modei at Drift on model at

Angle 30 m.p.h, 30 m.p.h
— 4 —.113 128
—2 112 108
—1 .240 104

(1] S00 J01
+1 490 02
2 K 105
4 T +.11
» o L0
1. +.
1, J
1. 4

anniins
W de DDt
== ATt



AIRPLANE DESIGN

In the U. S. Army Specifications 1002 (reprinted in Avia-
TION AND AERONAUTICAL ENGINEERING of November 1, 1916),
one of the stipulations for airworthiness is that the pilot may
be required to dive at an angle of 50 deg. to the horizontal,
to maintain sueh a dive for one or two seconds, and then to
pull out reasonably quickly. We will assume that the dive is
continued for even a longer period so that the limiting
veloeity is reached, and then try to see what will happen on
flattening out sharply.

The propeller thrust on the dive may be neglected whether
the engine is cut off or not, the slip being so enormous as to
reduce it to a negligible quantity.

Considering the sketeh of X'ig. 1, the equations of motion
evidently are

D =W sin 6
L =W cos 0

The most straightforward way of finding at what incidence
to the flight path the machine is under steady limiting condi-
tions, is one of trial and error. After one or two trials, we
find that the angle of ineidence, 214 deg. will satisfy condi-
fions.

The drag on the model at this angle is 0.111 Ib., and the Jift
0.094 1b. at 30 m.p.h. The two equations are very nearly
satisfied. Thus converting to full size conditions:

(1) W sin 50 deg.-= (1600) (0.7660) = 0.1235 =

0.111 X 267
30°

(2) W eos 50 deg.= (1660) (0.06428) = 1030 while

0.094 X26°
30°
the differenee of 10 lb. in the lift being negligible.

If, at this point, the pilot throws his elevator hard up, le
will increase his angle of incidence rapidly, and move his path
more and more to the horizontal. . The rapidity with which he
can come out of the dive depends on the force which he ean
bring to bear on the elevator, and is resisted by the inertia of
the machine, and the damping against angular rotation. There
is reason to believe that during this process he loses very little
speed. The equations of motion during this process are some-
what eomplicated and cannot be solved direetly. But if we
assume that for a machine of this type, the pilot ean change
his angle of incidence to say 8 deg. without losing speed, the
lift on the model at this speed heing 1.305, the lift on the
machine becomes

%QX 26 3% 122° = 14,400 1b.

V'and V* = 14,850, V = 122 m.p.h.

X 0.14850 = Lift = 1040 lb.

or a load of nine times the weight of the machine. It is
commonly aecepted that the aetual load is not quite so great,
being between 5 and 6. The pilot could not easily wreck a
machine with modecrately strong controls, and weights dis-
tributed far from the center of gravity giving a large moment
of inertia. But with a light machine, with weights close to the
center of gravity and a powerful elevator, a reckless recoyery
would be highly dangerous.

It should be pointed out that the uncertainty as to the exact
movements a machine goes through on flattening out, makes
the qunestion of the angles of ineidence at which loads on front
and rear spars should be distributed and computed a very con-
troversial one. The latest U. S. Army specifications eall for a
stress diagram at 15 deg., whieh throws the greater load on
the front spar. If, as is quite possible, a machine flattening
out after a steep dive does not reach such a high angle of
incidence, but arrives at some intermediate angle such as the
8 deg. mentioned above, then it would be fairer to draw a
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stress diagram at this angle of incidence, with a more equal
distribution between the two spars.

(2) Loading in Heavy Banking

The loading on a steep bank is dependent on the speed,
radius of turn, and angle of bank.

In the sketeh, Fig. 2, the machine is moving out of the plane
of the paper and furning at an angle of bank 6. The three
forees aeting in the vertieal plane of the machine are the lift,
the weight and the centrifugal foree, which may be assumed
as acting at the center of gravity of the machine. Resolving L
along the lines of these two forees, we have as equations of
equilibrium

w vV
e 0o s TN o
L sin 6 =K, AV* sin § = 7

Lcos =K. AV*cos 6 = W

where V = speed in feet per second, and R = radius in feet.
From these equations, one important fact appears, that on a

7
& \
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steep bank where cos 9 is small, the lift of normal flight is
ingufficient, and that before banking a pilot must increase his
power and speed, otherwise his machine may drop on the
bank.

The load on the machine in banking will inerease with the
centrifugal forece to be overcome in addition to the weight, and
is, therefore, greatest when the velocity has increased beyond
the maximum in normal flight and when the radius of turn is
very small. ‘

For the Clark model previously considered, we will assume
that the machine has attained a speed of 120 m.p.h. or 176
ft. per second, after a dive and that the pilot goes into a sharp
turn of 400 feet radius.

From the equations of equilibrium we have

tamf=r——=— = —o—"r— =237

0 = 67 deg. and see 0 = 2.559, which is certainly a fairly
steep angle of bank. Since L cos 6, L = seec W = 2.559 W.

It is possible fo consider a case where the velocity would be
still greater than the 120 miles per hour, and the radius still
smaller, in which case the loading might still be heavier. It
does not seem probable, however, that the worst possible
loading on a bank would exceed 3 or 4 W.

The angle of incidence on a bank interests us again from
the point of center of pressure and distribution of pressure
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between the two spars. Considering the Clark model of the
previous paragraph, W = 1600 and L = 2.559 W = 4100 =
K, X 464 X120’

from whieh K, = &T;(l(l)gw
and the angle of incidence is not mueh above 0 deg. for the
Clark machine on such a bank.

= 0.000615

(3) Loading in Looping

In looping similar methods would be employed as in con-
sidering flattening out after a dive. The probable maximum
loading is estimated to be 4.

(4) Stresses Due to Gusts

Another eause of violent stresses is in the action of sudden
gusts on a machine, where the inertia tends to maintain the
same speed for a different angle of incidence, or the same
incidence for a different speed.

The machine may encounter:

(a) a head-on gust
(b) a following gust
(e) an up-gust

(d) a down-gust.

Granted a sufficiently violent gust, there is no possible limit
to the stresses which may eome on a machine in such ecases,
and a hurricane might wreek a machine for whatever factor
of safety it was designed. It is necessary to investigate, how-
ever, whether the gusts, as we may expeet to oceur in ordinary
practice from our metercologieal data, are well within safe
limits.

(a) Head-on Gusis

Imagine the Clark machine to be moving at 59 m.p.h. at
an angle of incidence 2 deg. against a head-on wind of 20
m.p.h. so that its absolute veloeity relative to the earth is
39 m.p.h. If the head-on wind increases to 30 m.p.h., the
absolute velocity relative to the earth will still remain at 39
miles for a second or two. During this period, the veloeity

to the air will increase to 69 miles per hour, with the angle
of incidence unchanged. The lift on the machine will, there-

69*
o = 1.36.

fore, be momentarily increased in the ratio of

—

J et

There will be an aceeleration npwards and an inereased load
on the machine = 1.36 W.

(b) Following Gusts

If the machine were traveling in a following wind, which
suddenly diminished, a similar action would ensue, since the
relative velocity to the air would here also inerease.

If, on the other hand, in the ease considered above the head-
on gust suddenly diminished to 10 iiles an hour, the relative

velocity to the air would be decreased to 49 miles per hour, and
t]
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the lift wonld be diminished in the ratio of 597 — 0.69 and the

lift on the wings would, in this ease, be aetually less than in
normal flight, so that the machine would drop.

It is also elear from the above that the gnst effeets are most
tmportant, when the speed ot the machine is lowest.

AIRPLANE DESIGN

(¢) Up-gusts; (d) Down-gnsts

Without going into numerieal examples, we ean see easily
from Fig. 3, the effeet of an up-gust in inereasing the load.
The up-gust both inereases the veloeity of the relative wind and
its angle of incidenee, with a corre-
sponding inerease in lift, exeept at
very high angles where a reverse effeet 7
is possible. For a down-gust the con-
verse would hold trune.

With normal fiving weather, the ef-
feet of gust should never inerease the
load to more than two or three times
the weight of the maehine.

Elevator

Limiting Veloeity for a Sheer
Vertieal Dive

A sheer vertieal dive is nnlikely to
oceur and is not required for stress
calenlations in praetice, but it is inter-
esting to note the extreme limiting
veloeity in such a ease. A sheer ver-
tical dive is only possihle if the ma-
ehine is at the angle to the vertieal
whieh gives no lift, and the elevator is
set only at such an angle that the
moment of the total drag about the
eenter of gravity is neuntralized.

For the machine in question the
angle of no lift is —3 deg. =

o

The drag on the model at this angle )
is 0.118 1b. To find the limiting veloe-
ity, we can write Fig. 4

0.118 = 26’
from which V = 134 m.p.h., whieh is not so very much greater
than the limiting speed on the 50 deg. drive.

Worst Loads on Landing

The computation of sueh loads is connected with ehassis
design, and we shall deal more fully with it later. Some ealeu-
lations taken from ‘“ Notes on Aeroplane Shoek Absorbers of
Rubber ” are an interesting introduction to the subjeet:

An airplane weighing W pounds striking the gr(.)und at V feet per sccond on a
glide of 1 in 7 has kinetic energy to be nbsorl:.»ed by the landing gear °f2,z (;
1f the machine comes to rest after a motiou of z feet, the work done by.gravity on
it is Wz, and the tot al stored in the shock absorberis W {z + 5 (-— '}. The

1 e \ 7
average force in the springs is half the maximum F, given by the equality:

el sh (Y]
SURFION

if we take ordinary conditions as ¥V =66 ft. per sec. (45 m. p. h.)

F =W ( 2 +g%-7).from which we get the following table for use in design:

3 F
1 in, 5.0 W
4B 19.0 W
g - 13.0 W
4 " 10.3 W
55 8.6 W
& 7.5 W
. B 6.1 W
10 * 5.3 W
12 " 48 W

It appears that the load on the landing gear is nearly 14
times the weight of the airplane, if a motion of only 5 in. is
allowed. This requires an excessive factor of safety and makes
a very heavy coustruction. Of eourse, no allowanee has bheen
made for the eollapse of pneumatie tires which may add 2 in.
to the motion of the reeoil mechanism.






Chapter VII

Preliminary Design of Secondary
Training Machine

Preliminary Weight Estimates

Every designer will approaeh the design of a new machine
in a different manner, and no definite rules ean be laid down.
In the design of a standard secondary training machine, we
have the advantage of following well-known lines, with suech
execllent examples of machines tried out in practiee as, for
example, the Curtiss JN. Following such practice we ean make
very close estimates of possible weights and performanees. and
easily determine possible wing and control surfaces. A new
and diffieult type, such as a military twin-hydro, would require
long preliminary study.

Reealling Army Specification No. 1001—detailed in Part 2,

Chapter 1—we have to mcet the following requirements:

I’llot arnd passeunger, 330 Ibs,

Gasollne nund oli for 4 hours’ flight

Fugine between 90 and 110 h.p.

Maximum speed, 75 m.p.h.

MIinimum speed, 43 m.p.h.

Climbing speed, 3000 ft. in 10 min.

Two wheel landing gear

From the engine data of Chapter 5 we could select a number
of suitable engines. We shall seleet the Curtiss 90 h.p. 0X.
1t is with this engine that a student bas designed a similar
machine, the salient features of which we shall embody in the
post-graduate course at the Massachusetts Tnstitute of
Teehnology.

Practice shows that the above performances ean be achieved
with a weight of about 1850 lb,, i.e., 20.4 1b. per horsepower,
and we shall make this our preliminary estimate. This figure
is slightly less than that of the JN-4, but is probably very near
to the JN-4B.

The first step is to set down all weights of whieh we ean be

fairly certain, and on whieh no improvement is possible, thus:

1b.

A B Pllot and passenger In aviatlon dress.......coveevuenn... 330

C BEuglne and 8ccessories. .. ..o ivivrccnervaroaenenas 360

Dy RBEMEYOT 724" oo 7 o e o7s Sode £ etags ohs ondle e¥are o s eot & o 1o 50

E  Wnater In engine and radlaior and plping ¥, 40

% ° ‘Bippaliec gl Bubts, B0 Rrdn, SRR e . o .. 35

G Gasoline tank of 40 gallons capaelty............. AR 30

H Gasoline and oll for 4 hours’ flight..........c..00vvu... 220
1J 2 lnsirument boards, with a set of barograph, tachometer,
alr-speed indicator nnd clock ouv each................

K- 20 THap.CoTNGOME. i Tare . - o Tl ¥ B 25

1130

This leaves us with some 720 lb. available for the purely
structural parts of the machine: chassis, complete body assem-
bly, wings, interplane braeing, and tail surfaces. On the Cur-
tiss JN-4 (Part 2, Chapter 3) we have the following per-
centages for these groups:

Chorslex m. 0.0 ST Y. et & 4.03% equivalent in our machineto 74.51b.
PR, . M. L T e 14.15% > L < o ¢ 261.0 «
Inlerpiane bracing........ 4.95% W e | W (M B
Tall surfaces............. 2.76% (S 4 3 v “ e
tody mssembly........... 15.55%
equlvalent to 286.0 Ib,,
from which musi be de-
ducted 40 lb. for instru-
ment boards and Insiru-
MantE. " deaviag. o § . S BRRT0, Lon T eT E Rk  eohe 2460 “
7240 ¢

Sinee we are following standard practice very closely we
ean take the above figures to hold fairly well for various parts
of the machine.

Choice of Wing and Area

For a machine of this type it is not necessary to have a
wing of extreme characteristics. It is more practieal to seleet
a good all-round wing, with fair struetural characteristies,
than to choose a wing with high effieiency at low speeds, but
a low lift coeffieient at maximnm angles, and the R.A.F.6 can
be adopted without much chance of mishap.

In a maehine of the pursnit type, it would be worth while
trying a mmmber of different wing areas, but in a training
macline it is, in the first place, essential to seeure the necessary
landing speed, and then to attain as high a speed and eclimb
as possible with careful design. It only remains for us to find
the maximum K, of the R.A.F.6 and the necessary correcting
faetor for biplane effeets.

There is, first of all, the question of stagger to be consid-
ered. The increased efficicney due to staggering is offset by
questions of weight and head resistance, while the inerease in
efficiency is not so very important. Stagger is, therefore,
mainly determined by considerations of the view obtainable
by pilot or passenger. On this particular machine we shall
employ a very slight stagger of about 5 per cent, giving a good
overhead view for the pilot.

Overhang is likely to improve effieiency, but no aerodynam-
ical data is available. It must be remembered that a large
overhang, togetfler with the aileron loads, imposes a very
serious load on the rear spar of the wing. If any unsupported
overbang is employed, it should be less in length than the gap.
We should, in the present state of the art, make no improve-
ment in the K, eorrection for biplanes on account of overhang.

We must also settle on gap/chord ratio. We have seen in
our aerodynamical work the improvement eonsequent on great
gap/chord ratio. But to offset this, we have the question of
increased weight and resistance of struts and wires. For tri-
planes with their blade-like wings, a very high gap/chord ratio
is, no doubt, permissible, but for biplanes the permissible lim-
its are 0.9 to 1.2. We shall assume a value of 1.0 as a good
conservative figure.

Under these cirenmstances, we need only correct onr maxi-
mum K, as for an orthogonal biplane with gap/chord ratio
of 1. The correcting figure for this as given in Part 1, Chap-
ter 8 is 0.81, but Dr. Hunsaker's experiments have shown that
at maximum lift a better faetor of 0.86 may be employed.

Sinee at high angles the tail surfaces will also be providing
some lift, we may safely use this figure. Any obstruetion be-
tween the wings, such as the body, will diminish the K,, and
in a twin-engined machine this effect would become quite seri-
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ous, but it need not be considered for a single-engine type.
Construetors, in faet, using a correcting factor of 0.81 or 0.82
and neglecting the lifting effect of the tail surfaces have found
their landing speeds surprisingly low.

The maximum K, for the R.A.F.6 is 0.00310. Extending the
equation W = K,AV* to include the correcting factor of 0.86,
we have when ¥V = 43 m.p.h.

1850 =(0.0031) (0.86) 4 (43)*

A————1850 = 376 ft., which is taken to in-

= (0.0031) (0.86)45 — sq. ft., which is taken to in

elnde the ailerons.
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lateral stability. For longitndinal stability to place the sta-
bilizer at' 3 deg. to the wings is a good setting prior to a wind
tunnel test.

Position of Center of Gravity

In order to fix the position of the center of gravity, a vector
diagram for the whole machine is necessary. But to draw a
vector diagram, a wind tunnel model test is necessary, and in
the model we bave already fixed the positions of the various
parts of the machine. To draw a probable vector diagram

il

F16. 1

.

The questions of aspeet ratio is again only partially de-
pendent on efficiency, and a large aspect ratio introduces
structural difficulties and tends to lateral instability. We shall
assume an aspeet ratio of 7 to 1 on both planes. If the planes
are slightly raked, the aspect ratio will be 7 for the mid-line
of the wings.

If = chord in feet, 7z = span, and we have 14z = 376
and cliord = 5 ft. 2 in. and span = 36 ft. 5 in.

We shall now fix purely on empirical grounds the length of
the machine and the size of the control and fixed surfaces.

The designer is always tempted to shorten the length of the
machine and to rely on a large stabilizer placed at a big nega-
tive angle, to secure static longitudinal stability. But in dynam-
ieal stability, it cannot be too strongly emphasized that damp-
ing is also essential, and damping improves rapidly with the
length of the stabilizing arm. Too short a length would give
rapid, nudamped oscillations. The overall length of the Cur-
tiss JN-4, 27 ft. 3 in,, is the outcome of several years’ practieal
expericuce, and is probably a most suitable figure.

By ecmpirical rules, such as outlined in Part 2, Chapter I,
the control surfaces may be fixed approximately at

S LSS OES o b o Todion Lof 35 sq. ft.
Horizontal stabilizer.... 28 sq. ft. (at an angle of 3 deg. to the wings)
[RGRALONY . LRI ol ok 22.0 sq. ft.
Rudder s e R . 12,0 sq. ft
Vertlicalnfin. Jv tienss 4 sq.ft

The question of lateral stability is one which still requires
much investigation. Purely on empirieal grounds, we ean say
that with no sweepback, but a fin of the above size with a
dihedral between the wings of 2 deg. will secure a moderate

without a model test is a most difficult matter. We have ex-
periments to show the vectors for an orthogonal biplane alone,
but with every different tail setting, body, shape and landing
gear, we have a different vector diagram.

The best that can be done in preliminary design is, therefore,
to make as shrewd a guess as possible, and to draw compari-
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sons from as many model tests as possible. We have fortu-
nately at our disposal the results of the tests on the Curtiss
JN-2, which is almost identical with the design we are fol-
lowing. The vector diagram of this machine is shown in
Fig. 2. Eiffel 36 wings are used, but in general arrangement
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the machine is ahmost identical with ours. In Fig. 1 is shown
a side view of this machine, with the vector diagram of a wind
tunnel test.

The center of gravity is indicated in the sketch, and lies on
the 4 deg. vector. Such an arrangement will give an adequate
amount of longitudinal statie stability. The propeller thrust
passes through the eenter of gravity and does not, therefore,
affect the stability in normal flight. Let us suppose that 4
deg. is the normal angle in flight, as it very probably would
be. Then if the machine dives to 2 deg., the 2 deg. vector
passing in front of the center of gravity will tend to piteh the
airplane back to 4 deg. If the machine goes to a higher angle,
say 8 deg., the vector will be hehind the center of gravity and
will give a eounter clockwise moment about the center of grav-
ity tending to restore it to 4 deg. again.

The next step is to see whether we can balance our machine
about this point both in a vertical and in a horizontal plane.
Before drawing up our three general arrangement views, we
must go into a number of points conneeted with chassis de-
sign, but we ean use the side view of Fig. 1 with slight modi-
fications for our halaneing up.

We shall employ the usnal method for finding the center of
gravity of a system consisting of a number of small badies.
That is, we choose a plane somewhere in the system as an axis
and take moments about it, finally dividing the sum of the
mowents by the total weight of the members to find the equiva-
lent moment arm, or distance of the center of gravity from the
axial plane. In this case we shall take the axis at the rear
propeller flange, that being the usual practice.

The following table illustrates the method in detail. The
designations refer to Fig. 1, where the positions of the centers
of gravity of the varions elements are indicated.

AIRPLANE

DESIGN

Dist.from Moment about

propelier  propelier
V' flange flange
Desiguation Name of Elemcut b (ft.) (ft. 1bs.)

A RIS g © 2 hromd ks ol 10.57 1745
B Passenger 6.67 1100
[ Engine ........ 2.59 032
D Radlator 0.77 39
E Water ........ ek D B 2.36 ° 94
F Propeller A5t —0.17 —6
G Gasollpe tank........... 6.44 193
H Gasoilne and oii 6.44 1417
1 Rear instrumeént board.... 20 9.46 189
J Forward instrument board 20 5.90 118
K Rear controf........&.00 2 10.57 127
L Forward control......... 12 6.67 80
M Chassls ... % 000 R R 745 4.59 342
N WIRZSS o 1o s Bheithe P L L 261 6.32 1649
(0] Interplane bracing....... 91.5 6.32 D8
B DN A S6T - BBE G S omhl8 . ol 24.75 1262
Q . By o . .0 20 246 9.11 2241
Pagaldst .o . ot sl 1853 12,100

Dividing the moment by the total weight of the machine, we
sce that the center of gravity of the machine is 6.53 ft. back
of the moment axis. This brings it to a position virtually
coincident with the tanks, and about one-third of the chord
from the leading edges of the wings, which is virtually the
position chosen from the veector diagram. If the center of
gravity does not come to the desired position at the first trial,
it may be forced to do se by manipulation of the weights,
shifting the engines, pilot, etc., slightly forward or backward,
as the need may be.

A similar method, with moments taken about the ground
line, is used to give the vertical position of the center of grav-
ity. The actual work for this computation is omitted in order
to avoid confusing the figure.

References for Part II, Chapter 7

Barnwell’'s “ Airplane Design.”

* Experimental Anaiysls of Inherent Longitudinai Stablilty for a
Typicai Bipiane.”

National Advisory Report, 1915.



Chapter VIII
General Principles of Chassis Design

The design of landing gears is among the most complex of
the problems which confront the aeronantical engineer, dne
to the many conflicting factors whieh must be taken into
consideration and, so far as possible. reeonciled.

General Proportions

The height of the echassis is dietated by the necessity of
providing ground clearance for the propeller and by the

allowing a total displacement of five or six inches, the pro-
peller clearance with the machine stationary should be not
less than twelve inches, thereby insuring a minimum clearance
of six inches when the shock absorber has its maximum
displacement.

Under some cireumstances, the governing eondition may be
the angle of incidence to which it is desired to piteh the
machine. The greatest possible angle should, in general,
be at least as great as that whieh eorresponds to the burble

angle of attack which is desired in starting and in pulling up
after touehing the ground. The track must be sufficient to
insure against overturning when making a landing on rough
ground, yet not so great that the striking of a soft spot by
one wheel will give rise to an execessive moment tending to
spin the machine around. The fore-and-aft loeation of the
wheels is determined by the requirements of longitudinal
stability on landing. The structure must be strong enough
“to withstand side thrusts and twisting moments due to alight-
ing on one wheel, as well as the large direet dynamie stresses
which are set np when an airplane lands withont sufficient
flattening ount of the angle of descent. Lastly, the means of
shock absorption must be of sueh quality and number that
they will permit of high speed along the ground and of heavy
landings without breakage of the shock absorption means
itself and without danger of the * bottoming ” of the axle in
its guides. The play of the absorbers should also be large
enough so that the dynamie landing and taxying loads pre-
viously alluded to will not reach excessive values. Eaeh of
these conditions will now be taken up in turn, and discussed
in detail.

Chassis Height

Ordinarily, the most important factor here is the protee-
tion of the propeller. With a conventional shoeck absorber,

Fre. 1.

point, and it may be advisable, if a very short run after
landing is required and brakes are not desired, to make it
somewhat larger than this. The following example will illus-
trate the use of this eondition:

A two-seat tractor biplane is 26 feet long, and the hori-
zontal distance between the axle and the point of contact of
the tail skid is 20 feet. In normal flight, when the line of
thrust is horizontal, the wings are set at an angle of incidence
of 4 deg., and the point of contaet of the tail skid is 2 ft.
vertically below the line of thimst. It is desired to find the
least distance of the lower rim of the tire below the thrust
line which will permit the assumption of an angle of 18 deg.
Since the wings are at an angle of 4 deg. in normal flight,
the maximnm angle between the thrust line and the ground
must be 18 deg.—4 deg., or 14 deg. Tan 14 deg. = .249, and
the difference in heights of the wheels and tail skid is therefore
20 < .249, or 4.98 ft. It is then evident that the required
height is 4.98 42, or virtually 7 ft., a much greater height
than would be necessitated by propeller elearance alone. If
such large angles must be attained it is worth while to saecri-
fice something from the perfect symmetry of the body by
putting most of the longitudinal curvature on the lower
surface of the body, thereby bringing the tail skid more
nearly into the line of thrust and decreasing the height, and
consequently the weight and resistance, of the body, to an
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extent which more than compensates for any loss of aero-
dynamic efliciency of the hody.

The tread, or track, is, on airplanes of conventional size,
from 5 to 7 ft.,, except on slow pusher biplanes with long
skids, where it may reach values as high as 13 ft.

Loeation of Chassis with Respeet to C. G.

In Fig. 1 are shown the forces which come into play while
the machine is running along the ground. It is evident that,
if we assnme the thrust line to pass through the c. g., and
the machine to be in equilibrium with the elevator either in
neutral or diving position, so that the resultant air pressure
with the body horizontal passes through or slightly behind the
e. g., the moment P X a, due to the upward reaction of the
ground, must be at least equal to the moment R X b, due to
the tractive resistance.

We then have, since we may write’

e, 2

R =4yP,P X a= >yP X b, or%.—_tan 0 = v, where

vy is the coefficient of tractive resistance. If we assume
Y = 1/10, which is perhaps a fair value for a vehicle with
large and flabby pneumatic tires running over smooth grass,
we have § = 5 deg. 44 min. Since, however, it is necessary
to allow for soft ground, where the coefficient of traective
resistance will be much increased, as well as for ruts and
changes of slope, which introduce a backward component in
P itself, it is obvious that 8 will have to be considerably larger
than the value given above. Lieut. Col. B, Q. Jones, U. S. A.,
states that the best practise indicates a value of 13 deg. 10
min. for 9.

Stresses and Struetural Considerations

An unequal distribution of stress between the wheels, due
to landing on one wheel before the other or to a difference in
ground conditions between the two tracks, produces a moment
tending to twist the axle about a vertical axis. This moment
is carried to the struts or skids by means of axle guides or
radius rods, and thence to the body. A landing on one wheel
generally involves a sideways motion, and the resulting side-
ways blow is usually carried by the cross-wires, although
some landing gears, particularly on speed scouts, have in-
clined struts which, acting cither in tension or compression,
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take the place of the wires m this respect. In order to
resist side blows, too, a special wheel construction is neces-
sary, as an ordinary wire wheel, such as is used on motor-
cycles, will be completely wrecked by a relatively small side
blow against the rim. It may be laid down as a rule that the
length of hub should be at least twice the diameter of the
tire, and three times is preferable. The obliquity ot the
spokes is thus greatly increased.

Direct dynamic loads in landing have already been dis-
cussed iu this course (see Part II, Chapter 6).

Shoek Absorbers

Rubber and steel springs are the only substances which
have been widely used as shock absorbers. Of these, rubber
has proved by far the more satisfactory, due to its easy
fabrication and replacement, its greater energy-storing capac-
ity (600 to 1,000 ft. 1bs. per lb., as against 10 to 20 ft. lbs.
per lb, for steel), and, most of all, the fact that it actually
absorbs and dissipates the energy, instead of merely storing
it and giving it out again. If steel springs are used, some
auxiliary device must be employed to dissipate the energy m
the form of heat. In the case of leaf springs, this is done
in a fairly satisfactory degree by friction between the leaves,
and such springs have been used on light machines built for
smooth fields, but they do not afford sufficient give for heavy
work. Where helical springs are used, as on many large
pusher biplanes with four-wheeled landing gears, they are
usually in combination with a hydraulic or pneumatic shoek
absorher. As an illustrative problem, we shall give tbe
complete calculation of a rubber shock absorber for a two-
seator tractor biplane weighing 2000 lbs., having a gliding
angle of 1 in 7, and a speed range of from 45 to 90 miles
an hour. We shall start with the assumption that the heaviest
landing shock which needs to be provided against is that due
to landing at 45 m.p.h. on a slope of 1 in 6 without any
attempt at flattening out.

The shock absorbers will be made up of rubber rings 2 in.
in diameter, and 2 in X % in. in section. We shall nse a
two-wheeled landing gear, so that cach wheel will have an
initial load of 1000 lbs. The initial stretch will then be

1000 1.
EX AXn
to 300 lbs. per sq. in. for rubber of good quality. 4, the
total cross-section area of ome ring, is 2 X 2 X 5, or 11
sq. in. I, tbe length, may be taken equal to one-half the

E, the modulus of elasticity, may be taken equal

perimeter of the rings, or 1 — %ﬁi= 3.14 ins. “» is the num-

number of rings employed.

Lo d 1000 X 3.14
We then have the initial stretch = S = 300 % 1, Xn
8.39 : 16.78/
55 o) and s, the deflection under any load, = ~~1”—;l~r- I’ being

the total load.
On landing on a slope of 1 in 6 at a speed of 66 ft. per see.,
the vertical speed 1s 11 ft. per see., and the kinetic cnergy is

2
w, or 1.88W ft. lbs. The potential energy possessed

on touching the ground 15-11—2-,111'11\1110 a tetal of W ( 1.88 4

s s
l")’ or W <.!)4—f—5—> on cach wheel,

The energy absorbed by the shock absorber is T‘ X-———
Was'

0"7 .
Was® 3 .
=Tk (94 e ‘)4> We shall assume a deflection of

Equating this to the energy possesed hy the maclnne,

402.7
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Srigam 402.7 (.94 4 5/24)
25
18 ¢

18 rings and recalculate. Then ——— 0o = 94 +
= 378 -} 16.78s. s = 5.05 in.
The stress in the rubber is % X 300 — 482 Ib. per sq. in.,

2) Tl = 18.54. We shall use

51 and 18 s*

as against a breaking strength of 800 lbs. per sq. in., and the

s
Rt =3
(1884 55) 400 % 2.30
load on the chassis — ==
s 42
12
At the instant of greatest displacement, then,

21,900 Ibs.

111

on g in. cord, made up of 180 strands 44, in. square, showed
a medulus of elasticity of 434 lb. per sq. in. The breaking

load was not determined. During these tests, it was discov-
ered that of the “ permanent” set which rubber cord takes
after heing stretched, 40 per cent of its original length almost

F16. 3. ARRANGEMENTS OF RUBBER COrD AND Rings Usep oN

Various FRENCH MONOPLANES.
every part of the machine has on it a downward load of
eleven times its own weight.

We have so far assumed the most unfavorable condition
with respect to the tires: that is, that they do not deflect at
all. We shall now work the same problem on the assnmp-
tion of the most favorable conditions reasonably to be ex-
peeted, that 26 X 4 tires are used, and that they are pumped
to such pressure that they collapse 2 in. under the same
force which causes the shock absorbers to yield 5 in. The
effect of this is equivalent to increasing the length of the
T’[ ns

shock absorbers by 40 per cent. We then have I = 345’ and

_1:.;138 = W (.94 +—) s now cquals 7 in., and » is there-
563. 8( 91 45 4)

fore ———— = 14.28. Only 14 rings will be nceded

= AT

under this assumption.

Actually, a 2500-1b. airplane usually employs about 12 rings
on each bridge, and is therefore unable to sustain conditions
as severe as those which we have assumed. In order to provide
the desired shoek absorption ecapacity, machines of the size
which we are considering use 26 )< 4 or 26 X 5 wheels. These
wheels weigh, complete with tire, from 17 to 25 lbs. each,
and the manufacturers recommend that they be pumped to
60 1b. pressure.

In place of rubber rings, as specified above, rubber cord
woven from many strands may be used. Some recent tests

Fa. 4

entirely disappears after 17 honrs of rest, the rubber regaining
all its original properties.

Types of Chassis

We may, in general, divide chassis into three classes: self-
contained ehassis with wheels alone, chassis with two prineipal
wheels and a tail skid, and chassis built up around one or two
long skids as a basis. There are also numerous compromise
designs, which it is difficult to assign to any onc class. Nearly
all the land machines now built in the United States come
into the second of these classes, although all three types had
some vogue here at one time.

(hassis with wheels alone were first used by Curtiss. Due

F16. 5

to their complexity and considerable weight and resistance,
they are now seldom employed except on heavy machines, par-
ticularly pusher biplanes designed for gun-carrying, where
they are generally combined with helical steel springs and
hydraulic shock absorbers. Sneh a chassis may have either
three or four wheels, four being the more common. The fore-
and-aft distanee between the two pairs of wheels must be con-
siderable, in order to insure against the machines falling over
on its tail as it is brought to rest.

(hassis with two prineipal wheels and a tail skid, either with
or without one or two subsidiary, and usually unsprung, wheels
in front, are nearly universally employed on machines of me-
dinn and light weight, except on the very slow and lightly-
loaded pusher biplanes. The framework of such a landing
gear is reduced fo its lowest terms, consisting, in its eonven-
tional form, merely of two Vs, closed at the top by the lower
body longerons, and separated at the top by a distance equal
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to the width of the body, and at their lower vertices by a little
less than the track of the wheels. The bottoms of the Vs are
eonneeted by a strut. The two wheels are mounted just outside
the Vs, either on a single axle or on separate axles hinged at
the eenter, usually the former. The present praetice is to in-
eline the axle guides so that the wheels travel baeckward some-
what as they rise in the guide slots, but this eauses excessive
wear on the front of the slots, and experiments at the Signal
Corps school indieate that no harmful results follow the elim-
inatien of the backward slope. Fig. 2 gives a diagrammatie
view of a typieal chassis of this class.

On speed scouts, where tlie rednetion of resistanee is of the

ATRPLANE

Fi. 6. SopwithH CHassis, SHOWING COMBINATION OF Two
WHEELS WITH SHORT SKIDS

utmost importance, the chassis is sometimes so built that it
forms a unit with the wings. This makes possible the elimina-
tion of all wiring from the chassis, and in a few eases from
the wing panel as well. Fig. 4 represents a maehine so braeed.

Chassis based on long skids are used on Farman, Caudren,
and Wright biplanes. They generally embody feur eompara-
tively small and light wheels arranged in a straight line, one
pair of wheels, about 18 inehes apart, being attached to each
skid. Eaeh pair of wheels has its own axle, and radius rods
are used to prevent the axle twisting with respeet to the skid.
Rnbber shoek absorbers are used. In some eases the skids
are earried up in front to a forward elevator, as in the Maurice
Farman, or in the rear to the tail, as in the Caudren. Sueh
a ehassis is illustrated in Fig. 5.

Among the hybrid types, involving some of the features of
all three elasses, one of the most interesting is the old Nieupert.
In this there were 2 pairs of struts, eaeh pair forming a V
with the vertex downward. At the bottom of these was
mounted a eomparatively short skid. Below the skid a leaf
spring, of semi-elliptic form, was elamped, and the wheels
were at the extremities of this spring. The rear of the skid
aeted as a tail skid, and, in addition, made a very effective
brake, as it was elose to the c. g., and eonsequently earried a
considerable peortion of the weight.

Brakes and Braking

All the deviees whieh have been bronght forward for cheek-
ing the speed of airplanes after touehing the ground fall natu-
rally into one of two divisions: depending either on air re-
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sistanee or ground resistance. The best example of a brake
depending on air resistanee is the airplane itself. We have
nlready mentioned the desirability of being able to depress
the tail to sueh a degree as to secure a very large angle of
ineidenee, not only so that we may land at lew speed, but also
so that the drag may be inerecased, and thus aid in ehecking
the speed after landing.

It has often been propesed that air brakes, eonsisting of sur-
faeces normally lying parallel to the line of flight, but eapable
of being pulled around approximately nermal to that line,
should be provided. If two sueh surfaees, one on either side
of the body and at a eonsiderable distance from the longi-
tudinal axis, are furnished, ene at a time may be pulled oul
to aet as a drag and assist in turning the machine in a small
eircle while taxi-ing, or both may be used at onee as a brake.
The trouble with all air brakes is that they rapidly lese their
effeetiveness as the airplane begins to slow up. They have,
on the other hand, the advantage that their foree is exerted
well above the e. g., so that there is ne tendeney to stand the
machine on its nose.

Brakes depending either directly or indireetly on frietion.
with the ground for their retarding power, may be subdivided
into wheel brakes and sprag or claw brakes. Wheel brakes.
although they ean be made very powerful, are hardly ever
used, due to their danger, whieh lies in the difficulty in releas-
ing them quiekly, and in the faet that they have no tendency
to relense themselves automatically as the maechine starts to
piteh over on its nose,

Claw brakes are more used than any other type. They are
usually attached to the strnt, whieli lies just below the axle
in a V-type landing gear, and are hinged to that strut. The
claw on the end ean be brought te bear against the gronnd
by a lever within reaeh of the pilet. The advantage of sueh
a brake is that, being in back of the forward point of suspen-
ston, the elaw tends to release itself as the maehine starts to
dive, pivoting abeut the point of eontact of the wheels with
the gronnd. From this peint of view, the brake should be
as far back as possible, but the available retarding foree is
greater and the eenstruetion is simpler when it is kept near
the ehassis proper. The tail skid itself aets as a very efficient

_claw brake if it is so arranged as to earry a eensiderable por-

tion of the load. If extra quiek stops are desired from a
machine, whatever type of brake is used, the wheels should be
placed farther forward of the c. g. than usnal, thus permit-
ting a larger moment to be applied at the ground level withent
upsetting the maechine, making it easier to get the tail skid
down in contaet with the ground immediately after landing,
and tlrowing a larger portion of the weight on the tail skid
or sprag brake, if one is used.

It is of interest to determine the retarding foree required to
bring a maehine to rest in a given distanee. If, for exam-
ple, we wish to land a 2500-1b. maehine at 45 m.p.h. and bring
it to vest in 200 ft. after touching the ground, we have
v’ (66)*

P = — =
: 600

§ = —
2% °

7.26 ft. per see. where « is the nee-

WXe
i

565 1b., a foree which might easily be secured without the use

of any brake save that afforded by the wings themselves,

essary deeeleration. 17, the average retarding foree, =

Note—The veetor diagram for the JN-2, to which- referenee
was made in disenssing the design of a secondary training
airplane in the last installment of the course, is reprodueed
herewith. The weights are emitted in order not to eonfuse the
diagram, but the position of the e. g. is that indieated pre-
viously.






Chapter IX

Type Sketches of Secondary Training Machine
- General Principles of Body Design

In Fig. 1 are shown three views of a seeondary training
machine, very similar to the JN-2, and in accordanee with our
figures of Chapter 7.

A few modifications have been made in the proeess of draw-
ing up the maehine from the figures given in Chapter 7. The
figures there were derived from empirical formulas, but in the
present stage of the art it cannot be too strongly insisted that
no empirieal formulas hold with absolute rigidity, and that
“ eyeability 7 is almost as important—exeept in the case of
the stabilizer and elevator, on which more data is available.
Thus the rudder has been reduced in area from 12 to 10 sq.
ft., and the vertieal fin from 4 to 3.5 sq. ft.

The stabilizer and elevator have been left unchanged. In
drawing the plan view of the machine, modifications were also
found neecessary in the ailerons. The original secheme was to
place the ailerons on the top plane only. But in order to
seeure the neeessary area it was necessary, with the spar posi-
tion seleeted, to make the ailerons very long and bring them
in ecomparatively eclose to the body (with an overhang on the
top plane this diffieulty would not have oeceurred), and ailerons
bronght in close to the body have an insufficient leverage for
part of their surface. The better plan seemed to be, there-
fore, to place the ailerons on both surfaees. Their area was
also slightly inereased, from 38 to 42 sq. ft. total area.

It must be insisted upon again that this machine is not a
perfeet specimen of its type. For instanee, had an overhang
been employed as on the JN-4, the aileron area of 35 sq. ft.,
with its greater lever arm, would have been amply sufficient.
Also the onter strut would have been almost at the mid point
of the aileron, thus permitting the use of a single aileron post;
whereas in the present ease we are obliged to use two aileron
posts.

Another poor point is that the tail skid abuts direetly on
the rudder post. The eontrol surfaces should never be so
placed as to sustain injury by an abrupt landing, as might
be the ease in this arrangement.

A drag wire is shown carried from the top of the inner
strut to the engine. This helps to keep the body from twisting
under the effeet of gyroscopie forees on the engine, and also
to relieve the drag braeing. Nevertheless, in computing the
drag bracing the effects of such a wire are totally negleeted.

General Requirements in Body Design

These may be very briefly summarized:
(1) Stream-Line Form

The power plant and personnel must be enelosed in a form
approximately stream-lined. The general shape of the body
is largely determined by the size and shape of the engine
sclected. For the vertical six-cylinder engine the body may
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be narrow and deep. For a V eylinder engine, a wider but
shallower body is advisable, and with a rotary engine a body
of very large maximum diameter. But eonsistent with strue-
tural and other considerations, a body should be seleeted which
gives minimum aerodynamie resistance. The best form of
body would, of course, be symmetrieal ahout an axis. Some
data for the resistance of airplane bodies has heen given in
the first part of the Course, but there is no doubt that eon-
siderable improvement is possible in this direction, possibly
by employment of monoecoque econstruetion. Where a four
girder body is nsed, and attempts are made to seeure stream-
line form, the designer must guard against excess weight.

(2) Fin Area of Body

A flat bottomed body may be very helpful in seeuring longi-
tudinal dynamie stability. A body with flat sides has to be
handled earefully. It is equivalent to a long fin, with most
of the fin area aft of the center of gravity, and this tends to
head a machine into the wind—an advantage if the effeet is
not excessive. Such fin area is, however, best secured by the
use of a vertieal fixed fin. With a large flat sided body, it is
as well to investigate yawing moments in the wind tunnel.
One of the reasons why totally enclosed bodies have not come
into use is that with their large fin areas, they have a tendency
to spinning.

(3) Length of Body

Apart from the necessary length of body to give suffieient
arm to the tail surfaees, it is important that the tail surfaces
should be far enough away from the wing so that the wash
of the wings should not affeet them too muel.

(4) Provision for Pilot and Passenger

The necessary requirements are obvious. To proteet the face
of the passenger, a transparent lip is generally fitted on the
front edge to deflect the air upwards. The baek of the pilot's
head may be stream-lined with a suitable projeetion. Specifi-
eation 1002 gives standard arrangements for pilot’s and pas-
senger’s seats.

(5) Engine Installalion
Should be readily aceessible and cowling easily "removable.
(6) Gasoline Tanks

Should he near the center of gravity of the whole machine,
so as to disturb balance as little as possible as fuel is con-
sumed. Where it is impossible to plaece the fuel supply
direetly over the eenter of gravity, the gasoline and oil may
be made to balance one another approximately.

(7) Engine Foundation

Must he rugged to prevent loosening up of the bolts by
vibration, transmission of the torque of the engine to the body,
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and breaking loose in a bad landing. Nevertheless, the
foundation should be flexible enough so that slight engine
vibration is easily taken np. The following example will illus-
trate the forces on the foundation bolts due to engine torque:
120 X 550
27X 20
then if I is force on either side, 2F )X .575 = 525, where .575
is half the distance between engine bed bolts, and the foree on
cither side is 457 b,

Six cylinder 120 h.p. 1200 r.p.m. Torque = = 525

(8) Engine Must Be Secured Against Weaving

When the airplane pitches, there is a tendenry owing to
gyroscopic action of the propeller, for the engine to “ weave ”
either to l'lf’ht or left. Diagonal members in the plane of the
engine bearers as well as wires are often used. The ideal
engine foundation would seem to be of pyramidal form.

(9) Strength of Body

The body must be strong enough to withstand (a) air loads
due to tail surfaces, (b) dynamic loads in the air, (¢) loads
on landing.

These are but a few of the requirements in body design.
Numberless points arise in detail work, in which experience
and care, and not general rules, are necessary.

Formulas for Spruce Compression Members

The most reliable data on spruee struts—the material in
which we are most interested—is given in Dr. Hunsaker’s
note to which reference is appended. Experiments were car-
ried out on Maine white spruce, West Virginia white spruce,
and Oregon red spruce. Values varied so much for each
specimen that it would be unsafe to use them definitely for
wood of varied origin, of varied position in the log, and de-
gree of seasoning, and in actual construction tests on speci-
mens are always necessary,

In these experiments, the modulus of elasticity found by
observing deflection under loading was found to be 1,825,000
pounds per square inch. Two formulas for erippling stress,
defined as the erippling load divided by the area of eross sec-
tion in square inches, were deduced,

872 F

(1) For long stiuts, L ( 7 L\? where P =

>70, — =

erippling load A4 = area in square inches I, = length in inches

K = least radius of gyration in.inehes E = modulus of clas-

ticity in pounds per square inch. (Some designers employ
'r r

the ordinary Euler's formula, ( )2 using a value

of E = 1,600,000.)

(2) Forshort strut*,é— <70, £

- 0500 — 485 L0 . (Eimes
K

designers employ a modification of Rankine’s formula:

S, ]”_{_f; (7[” where fe = 8,000 Ibs. for spruce, E —
K
1,600,000, ¢ = L)

By eareful selection of spruce the crippling loads given by
the above formulas can be easily secured. It was formerly
cnstomary to use a material faetor of safety of 2 for the wing
struts, and 1'%, for body struts.

There arises a further diffienlty in connection with the above
formulas, in determining whether a strut is fixed or hinged at
the ends. It is nsually assumed that

AIRPLANE
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(1; wing struts with pin joinl fastenings are hinged at either end.
wing struts with socket fastenings of usual type are consid-
ered as being fixed at one end, and round at the other.

(3)d body longitudinais, continuous over joints, are taken as fixed
at ends.

34) hody bhorizontal and upright struts are taken as fixed at one end
and hinged at the other.

For a strut fixed at one end, and hinged at the other, the

/L
equivalent length beeomes 2 i\'or a strut fixed at both ends,
the equivalent length heeomes é’ Thus the above formulas be-
eome:
. R 872 F P Y7
(1) Ends hinged = (_li)z I 6500 — 46.5 jd
8.72 .
(2) Oneend ﬁxed% = =~ IZ- = 6500 — 4651
one hinged 2 ( ) V2K
K
2 872E »p 54
(3) Both ends — = e 4 = 6500 — 42 ),I
fixed 4 % ) 4 2k

Body Stress Diagrams

Body stress diagrams are still on a somewhat unsatisfactory
basis, and a number of different methods are adopted. Al-
though the longerons of a body are continuous, and the cross
braecing members more or less fixed, stress diagrams are always
drawn as if it were entirely a pin-jointed structure. Subse-
quently, compression members are treated as either wholly or
partly fixed at the ends. This is inconsistent but probably all
that can be done, without very lengthy refinements.

Factors of safety have been specified in a number of ways.
of whieh we have noted some already.

Army Specifications 1000, 1001 and 1002

Air speed, 100 miles an hour. Angles of incidence of fixed
lorizontal tail surface, minus 6 deg.; clevator surface, minus
20 deg. Factor of safety not less than 2.5. This is hased on
the forces met with when the machine is violently righted
after a rapid dive. It takes care solely of the air loads due to
tail surfaces. When in the air the body is supported at the
hinges of the wings, and the air loads are not transmitted to
the part of the body forward of the hinge pins. It can be
seen that this is by no means an ideal specifieation. It has
also been eriticized on the ground that no pilot can, under
ordinary conditions, exert sufficient foree to move the elevator
to such a position.

Army Specification 1003

Body forward of the cockpit shall he designed for a faetor
of safety of ten (10) over static loading eonditions with the
propeller axis horizontal. Body in the rear of cockpit shall be
designed to fail under loads not less than those imposed under
the following conditions:

(a) Dynamic loading of 5 as the result of quick turns in
pulling out of a dive; (b) superposed on the ahove dynamie
loading shall be the load which it is possible to impose upon
the eclevators, ecomputed by the following formulas: L =
.005471* where A is the total area of the stabilizing sur-
faces, 1.e. elevators and fixed horizontal surface, and 1 is
the horizontal higl speed of the airplane. The units are kilo-
grams, square meters, kilometers per hour; (¢) superposed on
this loading shall be the foree in the control eables producing
compression in the longerons.
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This specification is sounder than the previous one. It im-
poses the air load on the rear part of the body, which is as it
should be, and provides a sufficient dynamie loading for. the
forward part of the machine,

Another Suggested Method

In the author’s opinion, the stress diagrams should be even
more complete. They should include calculations (a) ecarried
through on the air loads, (b) calculations carried through on
the landing loads, specifying some landing speed, a gliding
angle, and travel of shock absorber.

A Detailed Example of Stress Diagram

In Fig. 2, is shown the skeleton framework of a JN-2 hody,
which fits in with our design of a standard airplane body.

Fia. 2

Iu aceordance with the preceding paragraph, we should draw
two diagrams for it:

(1) With the body and tail surfaces in position shown in
Fig. 2, horizontal tail surface at minns 6 deg., elevator sur-
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face at minus 20 deg. The air loads on these surfaces can be
computed as follows: Lacking precise experimental data, we
may assume that in the worst possible case, the pressure on
the tail = .00264 V" area of stabilizer and elevator = 50 sq.
ft. V, the highest spced attainable during a dive, may be
taken as 100 m.p.h. F, the tail load, then equals .0026 X 50 X
(100)* = 1300 1h.

With these air loads computed, a stress diagram can be
easily drawn as for a simple cantilever with supports at the
rear body hinges. As an article in AviaTiox and AERO-
NAUTICAL ENGINEERING for Mareh 1, 1917, shows, the stresses
obtained in this way are in certain members smaller, in other
members larger, than those obtained from the landing diagram.

(2) The stress diagram on the assnmption of the landing
shock leaves room for much discussion. The difficulty arises
primarily from the fact that it is difficult to say what the worst
landing conditions before breaking are for which a machine
should be designed. Also it is extremely difficult to include
all the forces in play, which may include (a) lift on the wings,
(b) drag on wings and body, (e¢) lift and drag on the tail
surfaces, (d) the reaction perpendicular to the ground, (e)
tractive resistance on the wheels.

Further difficulties arise from the faet that the center of
the wheels does not lie under the center of gravity of the
whole machine, so that if a dynamic load is applied vertically
at the wheels, the weight applied at the center of gravity gives
a turning moment which must be balanced in some way or
another. Two methods are suggested which seem fairly
reasonable, and provide a rational method of computation.
In the first method, it is assumed that the machine is gliding
on a path of say 1 in 7, and hits the ground nose heavy. In

G aed 3100 cos
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Chapter X

Computation of Strength Members and General
Layout of Body

In designing tension members for the body, no feature is
of greater importance than the choice of terminal fastenings
which will permit the development of as large a percentage
as possible of the true strength of the wire or other tension
member.

The main points to be considered in dealing with terminal
connections are:

(1) The efficiency, as mentioned above.

(2) Qnuickness and ease of manufacture.

(3) The possibility of easy and efficient repair or replace-
ment in the field.

(4) Reliability, i.e., the difference in efficiency between the

IF1cs. 1-15. TERMINAL FITTINGS FOR SoLID WIRE, TESTED BY

Jouux A. Roerring’s Soxs Co.

best and poorest terminals of a series all made up in the same
way should be as small as possible.

(5) The possibilities of defeets due to the use of aecid and
solder, overheating, imperfect bends, flattening of wire on
bends, or unskillful handling of the material in the field. This
requirement is obviously closely allied to that of reliability.

Extended tests on terminal eonnections of all types have
been made by John A. Roebling’s Sons Co. A summary of the
most important results is given herewith, and reference to the
original report is appended.

The first series of tests related to hard-drawn aviator wire.
The form of terminal which was most common up to a few
years ago, consisting of a ferrule made from a coil of wire,
through which the wire is passed and then doubled back on
itself (Figs. 2 and 3), gave very poor and uneven results, the
efficiency varying from 60 to 75 per cent, with an average of

65 per cent. These efficiencies were improved by about 5 per
cent when the free end of the wire, instead of being doubled
back outside the ferrule, was wound three times around the
standing portion of the stay.

The next type of terminal tested was similar to the last, but
was dipped in solder after being made up (Fig. 1). The fer-
rule for such a connection may be made of a coil of wire, as
previously, or of a strip of thin sheet metal, wrapped around
both portions of the wire. The efficiencies obtained ran from
60 to' 90 per cent, with an average of 80 per cent. These values
are surprisingly low, and indicate probable damage of the wire
by overheating in the process of soldering, as a eonnection
such as this, absolutely preventing any slippage of the wire
through the ferrule, should always show 100 per cent efficiency
1f properly made up. Tests on similar terminal fittings at the
Massachusetts Institute of Technology bave nearly always de-
veloped the full strength of the wire, the stay breaking near
the center on every test. The soldered joints have., however,
the disadvantage that they cannot readily be replaced in the
field, and they are peculiarly susceptible to poor workmanship,
the effects of which cannot be determined in any way until the
break actually comes. ‘

In the Roebling tests, the best results were secured by the
use of tapered ferrules, winding a eoil of wire into the form
of a slightly flattened cone instead of a flattened eylinder, in
conjunction with wedges designed to increase the friction be-
tween the stay and the ferrule as the pull inereased. Such

o R

Fr16.-16. SERVED AND UNSERVED SPLICED JOINTS AND TYPICAL
I"RACTURE IN AVIATOR CORD.

wedges may be separate members, fitted between the eye and
the ferrule, in which case the wire is looped completely around
to make a double eye, or they may be embodied as a part of
the thimble, which is interposed between the fittings and the
eye to prevent any change in shape or size of the eye under
strain. No solder whatever is used (Figs. 13-15). The effi-
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ciencies obtained with sueh terminals were very uniform, rang-
ing only from 92 to 96 per cent, with an average of 94 per
cent. Such a terminal, although necessarily somewhat complex,
has marked advantages, Tt can readily be made up in the

SERVED AND UNSERVED SPLICED JOINTS AND Tyricar
J'RACTURE IN AVIATOR STRAND.

Fic. 17,

field, and there are unlikely to be hidden defects, any slipshod
workmanship being instantly apparent on inspection.

The British standard, which has recently been adopted by
the Society of Antomotive Engineers, calls for the use of the
plain wire coil ferrnle with solder. A deviee which has been
considerably used in England, although
not yet employed in this eountry, is
the streamline wire with swaged and
threaded ends, thus doing away with the
necessity for turnbuekles. Sueh wires
are very expensive and diffienlt to make,
but have deeided advantages in prae-
tice. They are unlikely to eome into
use exeept for fighting naehines, where
cost is of no importance.

Cable Terminals

Both strand and eord ean be splieed
with exeellent resnlts if the work is
done by an expert rigger. Roebling's
tests indicated an efficiency of from 80
to 85 per cent for aviator eord with
spliced and served terminals (Fig. 16),
and from 90 to 100 per eent, the highest
values corresponding to the smallest
wire sizes, for 19-wire aviator strand
(1ig. 17). The hreak always ocenrred
at the last tnek in the spliee, which
would suggest the advisability of taper-
ing the splice to a greater extent.

For field eonnections, fittings similar
to those recommended for solid wire,
consisting of a thimble embodying =
wedge and a ferrule of soft wive (Fig.
18), gave excellent results, showing an
efficieney of 90 per e¢ent.

The statns of solder is the same as in

1'1“;_ le- I‘U‘\ 80L-  the case of solid wire. 100 per cent effi-
PERED Frero . . )
Tersixar  ron  Ciencies ean be seeured by the use of

thimble, ferrule, and solder with either
strand or cord, but there is the same
risk of injury to the material throngh improper manipulation.

In eonncetion with the larger dimmecters of strand, sockets

AVIATOR STRAND.
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may advantageously be used (Fig. 19). They give 100 per cent
cffieieney, or very nearly; they require no high degree of skill to
apply, and the fitting is neat and simple in appearanee. The
common type eonsists of a eonieal shell, the hole in the small end
being just large enough to admit the strand. The strand is
passed throngh this hole for a short distanee, nuravelled, and
the ends spread out as mueh as possible. The eonieal shell
is then poured full of solder, and the ends of the eomponent
wires ent off tlush with the large end of the shell. The only
danger in the use of sueh a fitting arises from the hability to
deterioration of the solder.

As we mentioned in the preeeding chapter of the eonrse, the
stress diagram whieh was then drawn does not form a eomplete

Fic. 19. SockET TERMINALS FOR AVIATOR -STRAND.

basis for the choice of members, but should be supplemented
by various other diagrams corresponding to different condi-
tions of loading. We shall, therefore, confine ourselves to fig-
uring, for purposes of illustration, a few of those members
which are most heavily stressed under the conditions which
we have already considered.

Sinee a dynamic load factor of 8 has already been allowed
for, we shall use a factor of safety above this of only one and
a half. This is equivalent to an overall factor of safety, rela-
tive to the static load, of twelve, a value whieh is ftairly rep-
resentative of modern practice in the design of bodies for
training maehines.  The latest speeification issned by the
Government calls for an overall factor of ten, but this relates
to pursuit maehines, which are to he flown by skilled pilots
only, and in which the factor of safety is purposely kept
low in order to make possible a better performance, and henee
a higher degree of military satety. In the ease of those por-
tions of the longerons which are eurved to a eonsiderable extent
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between strats, the factors of safety should be considerably in-
creased, as a strnt which has even the slightest sign of initial
curvature will support mueh less load than one which is per-
feetly straight.

The members for whieh we shall compute the required size
include a longeron section, a strut, and a wire, and they are
marked with numbers on the layont drawing. We shall con-
sider all eompression members as perfectly square, although
channeling is commonly employed, espeeially in struts and the
rear portions of the longerons:

(1) The length of the section is 40 iu.
first assnmption, a section 11 in. square.
Y 4 1%4)*
1s then 17.44 > 1,825,000 X_;(()-' >/é—)l_§’ or

4,050 1
sponds to a factor of safety of ﬁ, or 1.95, above the dynamie
=Y

We shall try, as a
The erippling load

4,050 lb. This corre-

We shall, therefore, use this section. It i1s well to
have the factor in the longerons slightly greater than in the
struts. since their end conditions approach less closely to fixa-
tion.

(2) The length of the strut is 31 in., and the com-
pressive load is 3,900 Ibs. Here, again, a seetion 1Y} in.
square will be tentatively chosen. The crippling load equals

i1k +
17.44 %< 1,825,000 XS(LA)— The faetor of

1F X 12’
cafety is then 1.72.

loading.

or 0,740 1b,

LAYOUT OF BoDY FOR STANDARD TRAINING MACHINE.

(3) The tensile load is 3,400 lbs. We shall select for this
stay 19-wire strand 3% in. in diameter. The breaking load of
such strand is 6,100 lb., aud the factor of safety, allowing for
90 per cent elficieney of the terminal conncetions, is 1.61.

The strats whieh carry the weight of the engine should be
materially heavier than would be indicated by econsiderations
of dead loading alone, since they are eonstantly submitted to
a live, vibrative load, and, in addition, are subjected to bending
forces because of the gyroscopie action in diving. These forces
are caleulable, but sneli an analysis is beyond the seope of this
pay.er,

In Fig. 23 is shown the layont of the body. The only points
at whiel channeled struts are nsed are the forward panels,
whieh have the duty of transmitting the propeller thrust to the
longerons, and thence to the wings. The other struts are made
octagonal by chambering off the cormers slightly. The
longerons are channeled everywhere in back of the forward
chassis strut, except that they are left solid for a few inches
adjacent to every strut.

References for Part 11, Chapter 10

First Annual Report of the National Advisory Committee on Aero-
nautics, Report No. 2; Government Printing Office,” 1916.
L]



: Chapter XI
Wing Structure Analysis for Biplanes

There are many difficulties in the analysis of a biplane strue-
ture: the distribution of loading between upper and lower
planes; the resolution of loading in the planes of the lift truss
and the internal bracing; the resolution of loading to give
bending moments on the spars, and the alternative methods
whieh may he employed in drawing np the stress diagrams.
But in the following notes is developed a system whieh is now
generally employed, and which although it is not rigidly exaet,
gives sufficiently accurate results for praetical needs, and as a
system of ecomparison for maehines whieh have been suecessful
in flight,

Distribution Between Planes
The information available regarding distribution of loads

w
25t 0" sxa of chars
N‘-:\ ading wﬁ".’f’.‘.é’.ﬁ.g edge

ece

—_—

2y

Fro. 1

between planes is seanty and contradietory. In praetice it is
suffieient to follow this equation:

11 .
(1) W= (A.‘x)—g — Az, where W = gross loading of the
machine, 4, = area of upper wing, A4; = area of lower wing,

‘ sl
x = gross loading per square foot on lower wing, §.x = gross

loading per square foot on upper wing.
Unless the biplane truss falls away very mueh indeed from
the eonventional form, this will be a fair approximation.

Spacing of Wing Spars—Limiting Angles of Incidence

As the angle of ineidence of a wing changes its eenter of
pressure moves, and aceordingly varying loads are placed on
the rear and front spars (the center of pressure motion in a
biplane is assumed to be identical with that of a monoplane).
The spar spaeing has to be so arranged that too great a pro-
portion of the load is not thrown on either of the spars within
the range of the usual angle of. flicht. This would be the ease
were the spars too close together or plaeed so that one of them
would be quite close to one eenter of pressnre. At the same
time, the spars must not be placed too near either the front
or the rear edge, so that there is always sufficient depth of
spar. Thus in the machine the design of whieh we are earrying
through, the spars are placed as shown in Fig. 1, about 10 per
cent from leading edge and about 30 per cent from trailing
edge, where the centers of pressure at 0 deg. aud at 16 deg.
are indieated. The loading is in this case

TFront spar Rear spar
SN 3..00-58 " B 29.8% 70.2%
b7 S B S o8 5 5o dolo o 66.6% 33.3%

0 deg. and 16 deg. are taken in our design as the limiting
angles of ineidence, although very possibly the maehine might
fly both at some negative angle, and at some angle above 16
deg.

Running Loads

Applying equation (1) where W = 1793 Ib. and 4, = 188
sq. ft., 4; = 175 sq. ft. for our machine, we find that the gross
loading per square foot on the upper wing is 5.4 1b./sq. ft. and
on the lower wing it is 4.43 1b./sq. foot. In the same manner
the total gross weight supported by the upper wing is
1020 1b. and the total gross weight supported by the lower
wing is 773 1b.

For simplieity, the running load is assumed to be uniform
from tip to tip of the wings, and hence the gross running lifts
are for a span of 36 ft. 6 in., 28.0 1b./foot on upper wing and
22.8 1b./foot on lower wing.

It is from the gross running lifts per foot that we obtain
the running drifts per foot run, by dividing by the L/D ratio.
Thus we have

. Upper wing Lower wlng
running drift running drift
L/D in Ib. /ft. run In b, /ft. ron
\t0° L. 7.2 3.90 3.18
At 16°. ..., .. 6.92 4.05 3.30

Next it is neeessary to determine the net running lift. To
do this it is necessary to make assnmptions for the weight of
the wings and the weight of the interplane bracing.

Thus for the upper wing, assuming a weight of .73 lb./sq.
ft., and half the weight of the interplane braeing of 91.5 lb.
to be earried by it, we have a net lift of 1020 — 137 — 45.7 =
837.3 Ib. or 22.9 Ib./ft. yun, and for the lower wing 773 — 128
— 45.7 = 599.3 1b. or 17.7 1b. /ft. run.

We ean now tabulate our results in sueh form that they ean
be used in resolving forees in planes of lift trussing and of

the wings.

Percentage frout spar 29.8

Percentage rear spar 60.2
Lower wing

At 0°
Upper wirg

Gross loading per foot run.. 2% b. 22.8  Ih
Drift per ft. run front spar. 1.161b. 95 1b.
Drift per ft. run rear spar.. 2.741b. 2.23 1Ib.
Net 1Uft per ft. run front spar 6.85 1b. 5.27 1b.
Net 1Ift per ff. run rear spar 16.03 Ib. 12.43 1b.

Pereentage front spar 66.6

Atd36° Percentage rear spar 33.3
Upper wing Lower wing
Drift per ft. run front spar.. 2.70 Ll
Drift per ft. run rear spar.. 1.35 1.09
Net lift per ft. run froint spar 15.20 11.80
Net IIft per ft. run rear spar 7.65 5.90

Resolution of Forces in Planes of Wing Trussing and
of Wings, and in Plane of Spar Web

In Figs. 2 and 3 are shown the resolutions of forces at 0 deg.
and 16 deg. respeetively. It will be noticed that the resultant
foree in the plane of the lift truss is decomposed in plane of
the spar web. Tt is this component in the plane of spar web
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which is subsequently used to draw the bending moment dia-
grams for the spars. This is a slightly arbitrary procedure.
It would be more accurate to take the foree in the plane of the
lift truss as prodncing bending, but there would then be the
complieation of computing moments of inertia about an axis
not perpendienlar to the webh.

From these resolutions it is now possible to tabulate figures
whieh ean be employed in the lift truss stress diagram, the
drift bracing stress diagram, ete.

At 0°

Upper wing.
KFront spar. NRear spar.
Force in plane of lift -truss/run-

Lower wing,
Front spar. Rear spar.
Foree in plane of lirt truss/run-

ning foot. ning foot
7 1b. 16. 3 5.34 1b. 12.67 1b.
Force in plane of wing/runnlng Yorce In plane of wing/ronning
foot. foot
2.4 1b. ‘ o 1.9 1b. 4.45 1b.
Yorce in plane of spar web/run Iforce In plane of spar web/ran-
ning foot. ning foot
6.85 1b. 16.05 1b. 8.27 1b. 12.43 1b.
At 16°
Upper wing. Lower wing.
Frout spar. NRear spar. Front spar. Rear spar.

Iforce in plane of lift truss/run-

Force In plane of lift truss/run-

ning foot. ning foot
15.5 1b. 7.8 1b. 12.1 b, 6.0 1b.
I'orce in plane of wing/running Force in 1)1a11(f> otf wing/running
oout.

1.18 1b. 0.48 1b. 0.90 1b, 0.40 1b. -
Force in plane of spar web/run- Force in plane of spar web/run-
ning foot. ning foot.

15 24T 7.75 1b. 11.9 1b. 5.9 1b.

Figs. 2 and 3 indicate some peculiar results. Thus at 0 deg.,
part of the net lift is resolved into the plane of the wing,
greatly inereasing the demands on the internal wing bracing.
Were the stagger of the biplane more pronounced, this effect
would be still greater, and that is one of the disadvantages of
excessive stagger. But at 16 deg., in this particular case, the
component of the net lift along the plane of the wing relieves
the internal wing braeing.

REsoLuTion oF FORCES N PLanes oF LirT Truss & Wines AT 16°
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Different Methods Employed in Stress
Diagrams for Lift Trnss

Two distinet methods have been adopted in getting out
stress diagrams for the lift truss.

(1) The trussing is treated as if pin jointed throughout by
the ordinary bridge truss method, and the bending moments
for the spars found as if they were freely supported at the
ends, with uniformly distributed loads. ’

(2) The spars are treated as if continuous, so that bending
moments in them and reactions at. their supports are found
by theorem of three moments. Then the reactions baving been
found, the stress diagram is drawn with sueh reactions as a
basis.

The first method has the advantage of simplicity and of giv-
ing a very large factor of safety. The second method is much
more difficult, but probably is nearer the mark, and we shall
employ it aceordingly.

Bending Moment Diagrams: Theorem of Three
Moments

Any good text book on applied mechanies treats fully of
the theorem of three moments, so that the following notes will
be of the briefest:

In Fig. 4 is shown a beam loaded with unequal distributed
loads over the two spams. At the three supports, 0, 1, 2
M,, M, M, are corresponding bending moments; E,, R, R, are
corresponding reactions; S+, S—,; 8 4o, 85 84, 5—
are shears on either side of the supports.
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if the beam is eontinuous vver the thvee supports and has

w1 ¢ w7
(o J
E T
R o S S0 S S
z R. R
4 Q
g, 4

the same eross-seetion throughout, the bending moments at the
supports and the loads are.connected by the following formula:
a,l’, w,l’,
Jllll+2(lx+lz)1‘[o+ﬂl.]: =N -i_'— 4
All difficulties in working the theory of three moments are
due to mistakes in the eonventional signs.

CoMPRESSION

~__~

TENSIoN

™

N \_/ . g:GATIVE
PosiTive /\ AL
- e Momen'T
ENSION Momer.T ComPreEssION

IMa.

The convention for bending moments is shown in Fig. 5.
["rom this follows the rule:

[orces to left of a point must tend to turn a beam clockwise
about that point in order to give a positive bending moment
at that point—anti-clockwise to give a negative bending mo-
ment. '

Forees to the right of a point must turn the beam anti-clock-
wise about that point in order to give a positive bending
moment at that point—elockwise to give a megative bending
moment.

If these rules are observed,
the effeet of the fixing woments

Posimve SHEAR

.

is also automatically deter-
mined. Thus if a fixing mo- TG, 6

ment is found to be negative at
a support, and the above rules ave followed, its effect will be
negative on either side of that support.

The convention for shear is shown in I'ig, 6. If forees to

BENDING MOMENT & SHEAR DIAGRAMS FOR REAR UPPER SPAR AT ©°

Lonoing  1605* pER Foor Run = W Encine Panet

Wing Hinge

| STRUT Pownr

Fro. 7

the left of a point tend to shear the beam upward, the shear at
this point is positive. As a result of this arbitrary rule, when
finding the shear by means of bending moments, the sign as
found must be reversed if the origin ehosen is to the left of
the line of action of the shearing force.

Observanee of this rule is not so important as the observanec
of the rule for bending moments. Tt is generally easier to see
what happens physieally.

AIRPLANE DESIGN

Working Out of Bending Moment and Shear Diagrams
for Upper Rear at 0 Deg.

Tbe principles of the preeeaing paragraph will be best
illustrated by working out the above ease fully. In Fig. 7 is
shown tbe disposition of the wing. With a total span of 36
ft. 6 in. and an engine panel of 2 ft. 6 in., we allow an over-
hang of 2 ft. 6 in,, 7 £t. 9 in. for outer span between struts.
and a smaller inner span of 6 ft. 9 in., which seews a reason-
able spaeing. The loading in plane of spar web as previously
found is 16.05 1b./ft. run. = For simplicity’s sake, we negleet
the engine panel. 1

To get bending moments at supports:

(a) M, = O, since wing is hinged at engine panel;

(b) M, = M(ﬂ = 50.2 Ihs.-ft.;
(¢) to find MM, we write
31111 + 2 (ll + l:)l‘[o + ﬂlzlz - ]/4 wxlul e ]Awul:‘z

and by substituting in this eguation,
M, = 93.7 1bs.-ft.
To get shears at supports:
(a) S_,=2.5X16.05=40.1 Ibs.
(b) Taking moments abont support (0 we have

< wl’,
MAS | J— S5 =M,
therefore &' , = — 56.7 lbs.
(¢) Taking moments about support 2 we have
wl’

]uu r & —'.Tz + ‘\V—olz = ﬂ[:;

therefore (reversing signs),
S 0 = 68.0 }bS.
(d) Taking moments abont support 1 we have
M,— “f)l; + Sk = M,;
therefore S, = —68.3 Ihs.
(e) Taking moments about support 0 we have

AL YRR I, R T

D
1

therefore (reversing signs)
S_, = 40.4 1bs.

To find the total reactions (the absolute sum of the sheass),
we have

S_.,+8,.=R, = 96.81bs.
S_o+8,,=&,=136.31bs.
S_, =R, = 40.41bs.

After having found the bending moments, shears, and re-
actions at the supports, it is very easy to draw the entire bend-
ing moment diagram by finding points of zero shear and
maximum bending moment,

Thus in the onter span, if = is the distance to the 1ight
of support 2 of the point of zero shear, Sy, =aw, and @ =
56.7
1608 = 3.53 ft.

The bending moment at this point is (taking forees to the
lef't) ]
M, = ﬂ; + 5, = —49.8 Ibs.ft.

Similarly in the inner span, if z = distance to the right of
support 0 of the point of zero shear,

S o 3= 3,14
and x = 4.26 ft.
The hending moment at this point is (taking forees to the

left)

M,y= S04 N o= — 513 st

=

References for Part 1I, Chapter 11

" Wing Data and Analysis for a Staggered Biplane,” by Dr. A. F.
Zahm, Frankiin Institute, December 1914,

British Report 1912-1913. No. 83. A preliminary note on methods
of calenlation which may be employed in the determination of the
stresses in the spars of airplane wings by Bairstow and MacLachlan.



Chapter XII
Wing Structure Analysis for Biplanes

Reactions in Plane of Lift Truss Due to
Upper Rear Spar at 0 Degree

At the conclusion of the previous ehapter, we drew the bend-
ing moment diagram for the upper rear spar as a eontinuous
beam, and found the appropriate reaetions. But since the
bending moment diagram was drawn for that eomponent of
the foree in the plane of the lift truss whieh was in the plane
of the spar web, allowanee has to be made for it on Teverting
to the lift timss. The running loads were in the ration of 16.3

to 16.05. Hence reactions are
R,= 968X 115'035 — 9831
R, = 136.3 X I]% = 1384 1.
R, = 346X %35— = 4101

Reaetions in Plane of Lift Truss Due to
Lower Rear Spar at 0 Degree

Sinee the spaeing of the snpporting points on the lower
wing is identieal with that of the npper wing, and the slight
overhang is the same, the bending moment diagram®and the
shears and reaetions will be in direet ratio to the loads. The
ratio of loads on npper plane to lower plane is 14 to 11.5.
Henee reactions are

12.67

== 98.3>( - Sl 3
g 3 X 163 75.4 1h
2
R, =1384% 3257 _1075m.
16.3
12.67
B G S 22T, L 377 1.
= 410X 20T = 3141

Stress Diagram for Rear Lift Truss at 0 Degree

We are now in a position to draw the stress diagram for
the lift truss as shown in Fig. 1. The only other loud to be
added 1s 20.3 1b., whieh 1s allowanee for half the air foree due
to the engine panel aeting on the rear spar.

In drawing this stress diagram, the strut K L is assumed as
taking no tensile load, and the lift load at I’ ¢ is transmitted
by the eross wire L M to the body.

Stress Diagram for lnternal Upper Wing
' Braeing at 0 Degree

In Fig. 2 is drawn the stress diagram for the internal brae-
ing of the upper wing at 0 deg. ineidence.

The spars have so mueh less resisting moment in the plane
of the wing that it is perfectly justifiable to treat the inter-
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plane wing braeing as a pin-jointed strueture and negleet all
eonsideration of bending moments.
The running loads per foot run are taken from tbe preeed-
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283" 1384% 41.0%320.3% for
l 28717 C 5847¢C 959°C| Engine
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Fig. 1 STrREss Diacrad or Rrar Larr Truss aT 0 DEa.

INCIDENCE

ing sections, with the addition of 14 lb. drift at eaeh external
braeing point.
Computations for Dimensions of Rear Upper Spar

Having drawn the bending moment diagram, the lift truss
stress diagram and the internal wing braeing stress diagram,

G ? H t J K
23 38" |2172° 20.81" 1893° 297
REAR SPAR 33 Pk 57T T
Bl
* 3. qQ Z R Y s Sy T
F o9 N .: e N I o] L
d e N o R Y MR Y M\
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Fa 0 45°T 120°T 236°T
GHERGEAR IRE I e e 456"
| & D c B A
b 2'6 e 3103 3' 108" 345 e 3

-
47 FoR EXTERNAL DRIFT AT EACH EXTERNAL CONNECTION

TL

(4]

M

A
Fic. 2 StrESS Dragraym oF UpPER WING INTERNAL DRrAG
Bracixg At 0 DEG. INCIDENCE

all at 0 deg. ineidenee, we are in position to determine the
dimensions of the rear upper spar. Sinee the worst loads
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eome on the rear spar at this angle of ineidenee, it is not neces-
sary to recompute it at 16 deg. also.

The worst loads it has to meet oeeur in the inner span, 3
feet from the wing hinge:

Compression from the lift diagram of 675 lh.

Compression from the drag diagram of 330 1b.

Bending moment of 44 ft. 1h.

1t is first of all necessary to fix the effeetive depth of spar
for the wing seetion employed, namely, the R.A.F.6. The spar
is placed at 30 per eent from the rear edge, where the thiekness
of the wing is .054 of the ehord. For a 62-in. chord, this gives
a thiekness of 3.34 in., or 3 21/64 in. very nearly.

From this must be dedueted the thiekness of the two rib
eaps or flanges. The eonstruetion and dimensioning of Tihs is
a matter of some uncertainty and eontroversy, and will be
dealt with fully in a later artiele. We will assume for the
moment that a thiekness of 14 in. will be sufficient for the
rib flanges, so that the
effective depth of the
flanges  will be re-
dueed to 3 5/64 in. L

The aetual drawing -

up of the beams is e €25 .
largely a matter of NEUTRAL AXIS ) i 8
trial and error. That i - O

is to say, an appar-
ently suitable seetion
has to be drawn in its -

area, and moments of
L— /.75”—-l

inertia, ete., have to
be computed together

with the faetor of
satety consequent I1c. 3 REear UPPER SECTION
thereon.

After a number of trials, the spar section of Fig. 3 is found
to be satisfactory.

The upper surface of the spar follows the outline of the
R.A.F.6 wing seetion at this point, hut in making eomputations
the slight slope may be negleeted.

To eompute the moment of inertia, the quiekest way is to
compute for the solid section and dednet tlie moment of inertia
of the material ehanneled out. The moment of inertia of a

. . bd’'
reetangle being given by the formula —

ik
1.75 % 3.08° 1125 X 1.7
12 o 12
A =175 <(3.08)—1.125 X 1.7 = 5.39 — 1.91 = 3.48
The stress in the outermost fibers will now he given by the
formula

A . ;
f =-§ 4+ —[Ty—where P = direet load, y = distanee of outer

Sinee P = 1120

= =427 — 0.46 = 3.81

fibers from the nentral axis and f = stress.

The, I = 93.7 ft. ih. = 1125 inch. Ib. and maximum f =131_i2+
1125 X 1.54 .
381 = 777 1h.

Allowing a maximum fiber stress for spruee of 6500 1b., we
get a factor of safety of 8.35, whieh is in excess of the 7.5
specified by the Army.

Similar eomputations ean be earried out for the upper
front spar at 16 deg.—sinee the biggest load is earried at this
angle.

It must be pointed out, however, that altliough the formula

My . 3
It =—§--}- —Iy-ls largely used, and is, therefore, perfeetly sound

on a eomparative basis, the faetor of safety given by it is uot
exaetly true. Tests on breaking beams hy bending show great
variations from the above formula, depending largely on see-
tions employed, but speeial values for modnli of rupture by
hending are not available.

For the lower wing, if the same c¢hord is employed as in the
upper wing, and the spars have the same dimensions, no eom-
putations need be made, sinee the loads on the lower wing
will always be considerably less. Whether with the same
ehord the lower spars should be smaller than the upper ones
is a matter to be determined largely from the manufaeturing
point of view.

A Complete Example of Wing Analysis Arrangement

In Fig. 4 is shown the complete analysis for the wing
structure of a Curtiss biplane. The methods employed in get-
ting out this analysis are snbstantially the same as indicated
above, and the method of presentation 1s an exeellent model.

Computations for Shear in Spars

Wood is so mueh weaker in shear than in either tension or
compression, that it is somewhat surprising that designers do
not make eomputation for shear in the spar web—although
spars are always made solid for 2 in. or 3 in. on either side of
a supporting point, to allow for the maximum shear oeeurring
at sueh points, .

The maximum longitudinal shear for a beam which is sub-
jeeted to vertieal shear oecurs at the nentral axis, and its value
1s determined by the formnla

!
9= ,%A.y
where /7 = vertieal shear at the point due to external loads,
I = moment of inertia of whole seetion, b = breadth of web at
neutral axis, ., = area of section above neutral axis, y = dis-
tanee of eentroid of this srea from the nentral axis.

Thus eonsider the same upper rear spar 6 inches from
support 0. 'The shear at this point, as given by the shear
force diagram of Fig. 7 of the preceding ehapter, is 60 Ib.
Considering the seetion of spar shown in Fig. 3:

I=381in"
A, = 1761}

L = 0.625 1n.

y =093 1.,

60 L
= 381 0,695 X -7t

Allowing shearing value of spimee to he 400 1b./sq. ineh, we
have a faetor of safety of 9.7, which is amply sufficient. Bnt
cases might oeenr where the shear near supports is very large,
and resistanee to shear being largely due to the web, it is al-
ways advisable to make sneh eomputations.

i =093 = 41.21).
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Notes of Aerial Propellers

By H. Bolas

Presented by Mervyn ’Gorman, Snperintendent of the Royal Aircraft Factory

Reports and Memaoranda, No. 65.

The objeet of the present notes is to eive an aecount of a
method which has been employed in propeller design at the
Royal Aireraft Factory, with some partienlars as to the theo-
retical assumptions on which it is based. In principle the
method is essentially the same as that which has been deserihed
by M. Drzewiecki,* and is commonly referred to as the con-
stant ineidence method.

Constant Incidence Mcthod.—In this method the propeller
blade is regarded as an aerofoil, each element of whieh makes
a constant angle with its path in space. In other words, the
blade is treated evactly as though it were an airplane, except
that the path of the blade is a helix instead of a straight line.

The path in space of any poiut of a propeller moving for-
ward with constant veloeity is a helix, the advance of the serew
per revolution being called the piteh. If the angle of the
blade at any point corresponds with that of the effective helix,
the only resistance to motion is head resistance and skin frie-
tion, and no thrust is obtained. If, however, any element is
set at some angle of incidence to the effective helix it becomes
an aerofoil possessing lift and drift, and a propeller so de-
signed will give a definite thrnst.

In this method, then, the angles of the effective helix are first
calenlated for various fixed points of the blade for a given
velocity of advanee and a given propeller speed. Each of these
angles is then augmented by the angle of attack.

Value of Angle of Attack.—The value of the angle of attack
to be used depends chiefly on the form of hlade profile adopted.

Path of Element

Fia. 1
Consider Fig. 1, which is intended to represent a seetion of an
aerotoil, or of a propeller blade, in motion, D = drift or re-
Mistance to motion; L = lift (not to he confused with thrast of
eldwment) ; B = angle of attack; ¢ = gliding angle, or ratio
D/ L uearly.  As the angle of attack B is varied the ratio D /L
will also vary, and tor some particular value of B this ratio
will be a mininmm. It is this valne of B whieh, on this method,
is employed, so tar as possible, in practice. As already stated,
this best value depends on the form of blade profile; it is
usually found to be in the neighborhood of 4°+ for good

* See Abstraets No. 43, Report for 1909-10. Theorie Gencrale des
Propulscurs Hclicoidaur et Methode de Caleul de ees Propulseurs pour
VAiwr. Paris, F. Lonls Vivien, 1909,

March, 1912

forms. It is well to note, however, that in some cases it is
impossible to use this best value, as the width of hlade required
may he too great. In such a case a compromise must be made
and the angle of attack increased. This only happens, how-
ever, when the primary eonditions are bad.

Efficiency of Elemental Strip,i and Curve of Eflicieacies

Propeller

i
'
|

Axis

F1a. 2

(see Fig. 2).— Let .t denote the angle the effective helix makes
with the line at right angles to the axis, B the angle of attack.
Also as above, let D/L = K = tan G. Then the efficiency E of
the element is readily shown to be given by
s tan A

" tan(4d 4 G)
and for variation of ¢, F is a maximum when G is a minimum.

From this a eurve of efficiencies for different values of the
angle 4 can be plotted (Fig. 3). The curve in Fig. 3 has been

1001
&3 —_—
w260 1 \
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&
201 Radius ‘!E
Seale of Effect Pitch :
¥ 3 N L N "
0 .2 4 .6 .8 1.0 1.1
Scale of Angle A
60° 43° 30° 18 12° 9° 8
Fie. 3

drawn for G = 4° 35’, In propeller diagrams it is more con-
venient to employ r/p. as abscissa instead of the angle A

1 See Notes added June, 1912, p. 136.

i Defined as the eflicieney of a strip of blade at radius r and of
\\ildth &r this strip being supposed not isolated from the neighboring
eletuents,

120



130 NOTES ON

where p is the effective piteh, the relation between them being

r/pe = % cot .

One other point may be mentioned—the question of variaiion
of efficieney as we travel out along the blade. It will be seen
from the curve, that as we increase r/p. the cflicieney increases
very rapidly at first, and reaches a maximum at the point where
r/pe = 017 (or A4 = abont 43°). From the formmla given
above for K it is readily shown that £ hecomes n maximum
where .t = 45° — (G /2). Thus in the particular case given,
G =4°35 and the angle for max. eficiency = 42° 43'. As
r/pe inereases still further, it will be noticed that the eflieiency
decreases and continnes to do so. Hence, hevond a certain
rudins on the blade the elements get less and less efficient
towards the tip. This is an unfortunate point in the design
of aetual propellers.

Propeller Diagrams.—Supposing the velocity of advanee,
the revs. per minute of the propeller, and the horse-power of
the engine are known, we can now proeeed to set ont our

M

OLL T RN T 8, A mais) = il EA L O R
8" e 2o 2'§" 84"
Fie. 4
diagrams. The scales of these are in the first place immaterial.
(See Fig. 4.) It will be best to explain first the meaning of
the varions curves, and afterwards to devote some attention
1o the ideals to he aimed at and the determination of scale.

('urve 1.—This is termed the Linear Grading Curve, and its
ordinales are everywhere proportional to the blade widths,
these being supposed to be developed on to the plane of the
paper.

Curve 2. Pressure per sq. ft. curve.—The pressure npon the
blade per unit area of surface at any point depends prineipally
upon (i) the form of seetion, (ii) the angle of attack, (iii)
the veloeity of that partienlar point relative to the air. Let
C be a constant depending upon the form of section. Let B
as before be the angle of attack, and ¥, the veloeity of a
partienlar element relative to the air. Then we may write with
suflicient truth—

Pressure per sq. ft. = CBY(,

and since ' and B are constants along the blade we ean write

Pressure per sq. ft. « V"
Now if V be the axial velocity of translation

Vi = V/sin’d.
But ¥* also is constant along the blade. We may therefore put
Vial/sin’4,

and it is now only necessary to plot a curve, the ordinates of
which are proportional to 1/sin’4, in order to oblain the pres-
sure per sq. tt. diagram. The scale is for the present imma-
terial.

Curve 3. Load Grading ('urve.—Consider any value of r/p.
represented hy Ox. Then nt this point the width of blade is
represented by xy.  vidently then the quantity (zy X rz)
will be a measure of the load per foot run on the hlade, and

D0
0" 4-3'7—“
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i we perform this operation for a number of points at dif-
ferent radii we can draw a curve, the ordinates of which will
represent the londing per foot run. Curve 3 (Fig. 4) has been
obtained in this way.

Curve 4, Thrust Grading Curve—The thrust grading curve
is such that the ordinate at any point represents the thrust per
unit length (per foot) of blade, and is obtained from the load
grading enrve in the following manner.

Consider the sketeh shown in Fig. 5, which represents a see-

| \//

Thrust per

e 5

tion of the blade at any radius. The line RO, which repre-
sents the pressure per unit length npon the element, makes
with the axis (or direetion of thrust) an angle (44 ).
where as hefore A is the angle the effective helix makes with
OM, and G is the ghding angle. Both A and G are known for
any point of the blade. Now we have:—

Thrust per foot run = load per foot run X cos (A4 + G).

The ordinates of the thrust grading enrve are thus obtained
from those of the load grading curve by multiplying by cos
(A 4G).

Curve 5. Efficiency Curve—"The values of the angle .t and
gliding angle G being known, the efficieney at any point is
given by :

tan .
tan (<l + G)
and an efficiency curve can be plotted as deseribed earlier.

It should be explained that the order in whieh we set out
the diagrams will depend upon our initial data. For instance,
if we are given the shape of the thrust grading diagram, we
may first lay down the load grading diagram, then the pressure
per square foot curve, and finally, from the previous two, the

Jdinear grading ceurve, viz., the plan form of the blade. On

the other hand, if we start with the plan form enrve, we may,
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by reversing the above proeess, finally arrive at the thrnst
grading curve.  In practice the latter method is always adopted
for reasons which we are now in a position to explain.

Ideal Curves.—If we assime as an ideal eondition that the
veloeity in the slip stream is everywhere parallel to the axis
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and nnilorm, then the momentum per second imparted, and
hence the thrust at any radins, will be proportional to that
radius, In other words, the ideal thrust grading diagram is a
straight line passing through the origin, as shown in Fig. 6—
ACDB. In practice, however, such a form of diagram would
he nndesirable, even if attainable, and some compromise as that
sketched in Fig. 6—4 1 B—would have to be adopted. Accord-
ing to Mr. Lanchester, the best practical shape of thrust grad-
ing eurve is that shown in the next figure, in which “ con-

Thrust Grading ‘
Diagram

Radius
Flantran Prént

16, 7

Jugate ™ * points o the diagram have equal efliciencies (Fig.
7).

If, however, we started out with a diagram of this type, and
from it eonstructed a linear grading enrve, our final plan form
would take the shape shown in Fig. 8. Such a blade conld

Linear G‘radi,,g e
2 ~ Urpe

VA

Fic. 8

uever be employed in praetice, since under existing couditions
we should require an immense blade width and a very large
diameter in order to obtain the needed thiust. It is useful,
however, inasmueh as we know the direction in which to work
when given good conditions at the start.

When designing then, as I have already stated, we invariably
begin with onr plan form, and finish up by obtaining a thrust
grading diagram, which will usually differ considerably in
shape from the ideal diagram first described.

The propeller curves bemg laid down, it only remains now to
give them their proper scales in order that we may satisfy the
initial requirements.

Determination of Scales—Since the ordinates of the thrust
-ading diagramn are measures of the thrust per foot run along
tna blade, and the abscissae represent the radii in feet (p. the
eflective piteh being constant), it will he evident that the are«
of the thrust grading diagrain represents to some seale the total
thrust on the blade.

T
No. ot blades’
where T 1s the total thrust of the propeller.

Let p = horizontal scale (known), viz., 1 inch on diagram
-= p tt. of radius.

Let ¢ = vertical square (required), viz., 1 ineh on diagram
= ¢ lbs. per ft.

Then pg X area of diagram in square inches = Thrust per
blade.

Henee

Now thrust per blade t =

ol Thrust per blade
area of diagram . p’
In this equation the horizontal seale p is kunown, the area of

the diagram may easily be compnted by means ot a planimeter,

* (‘onjugate points are defined as the points in which a straight
iine through the origin cuts the thrust grading diagram.
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and it is then only necessary to find ¢, the thrust per blade, in
order to determine completely the vertical seale.

Before t can be calenlated, however, the total efficieney of
the propeller must he found (see ¥ig. 9). To do this we divide
up our thrust grading diagram into a number of parts and

/
e Ry A i s gt e
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then compute the area of each. The mean efficiency of each
part is now read off on the efficieney curve, then divided into
its corresponding area, and all the quotients so obtained are
sumnmed up. The sum arrived at in this way, divided into the
area of the thrust grading diagram, will give the total efficiency
of the blade.

Computation of Thrust.—Let H = HLP. of engiue, F; =
total efficiency of propeller, V' = velocity of advanee in ft. per
see., T = thrust of propeller.

TV /550 = H. K
or T =HXE X550/V.
We then have
Thrust per blade = 7'/No. of blades.

The thrust per blade having been thus ascertained, the
vertical scale of the thrnst grading diagram is caleulated as
before explained, from

Then

Thrust per blade
area of diagram X p
Thus in a given case H = 58, E = .67, V = 73 ft. /sce.
Therefore

= 98 X 67 X 550 — 902 ]i,\
S, g

No. of blades = 4.

Therefore, thrust per blade = 73 Ibs.

Further, area of thrust grading diagram = 40 sq. ins.

p = 0.381 ft.
Therefore
h— VP 4.79 Ibs. per ft.
40 < 0.381

Load Grading Curve.—Sinee this was obtained by dividing
the ordinates of the thrust grading eurve by ecos (4 -+ G),
which is itself a mere ratio (and has therefore no dimensions),
the scales, both thrnst and load grading curves, will evidently
be identical.

Pressure per sq. ft. Curve—The determination of the in-
tensity of pressure on the blade at any point is of course a
matter for experiment, and the data at present available are
somewhat secanty. In an account of the recent experiments of
M. Eiffel, however, a curve will be found which gives the hft
and drift for a particular form of section, and this form of
section is the one we have adopted. A rough* reprodnetion of
M. Eiffel's eurve is shown in Fig. 10. some explantion of which
is perhaps necessary.

The angles of incidence (viz., angles of chord UV') are
marked along the envve itself. Consider the point where the

* NoTe.—This curve IS to be taken as diagrammatic only.
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RQ = PQ cos A = 1—:—005 A.
(n = No. of blades).
Let blade width at point = b, and put, according to above

RQ.

assumption, St

e
Then b must be less than —2¢— cos A.

m X »
If we now plot a curve where abscissa represent radii, or

] AL Je
r/pe, and whose ordinates are the caleulated values of 7"_22_
2 i

cos A, we shall arrive at what we call the limit curve, and the
lincar curve should at all points lie within this if there is to be
no interference. Such a enrve has been plotted for the case
of the propeller already meutioned, and is shown in Fig. 12.

AERIAL PROPELLERS
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Construction and Strength of Blade—Having now indicated
the method of fixing the sizes of a propeller in order to satisfy
given mechanical and aerodynamical conditions, it would ap-
pear desirable to devote a little attention to the aetnal con-
struetional design.  The following remarks are made with
reference to the usual type of wood propeller, though the man-
ner of procedure is quite general whatever the material
adoptedd.  The process is essentially one of
trial and error. The extreme radius of the
blade being known, a number of sections are
decided upon, say 6 or 8 inches apart, and
the blade angles at these points computed.
The hnear grading curve will now provide us
with the necessary blade widths, and it is only
necessary to set these down at their proper
projection in order to determine the true plan
form. The diztnbution of the width, however,
about a lime through the eentre of the blade
root has vet to be discussed. It is usnal in
design so to shape the blade that twisting ae-
tion is either greatly minimized, or eliminated
altogether, and for this reason a symmetrical

Reoot \ Leading Edge
/

o

A plan form is nndesirable. Fig. 13 will explain
¢ this point.

E A mumber of preliminary trial blade sec-
]

tions must now be sketched out, and previous
examples. of similar design will aet as a good
guide as to the thicknesses required. The next
point is to estimate the strength of the blade,
and the stresses to which this is subjected mnst
be divided into (1) Centrifugal, (2) Bending.
These are to be treated separately and then
added together.

(1) Centrifugal Stresses.— It has been
found convenient to write out the caleulations in eohunn form
as follows: [

Fia. 13
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. Z ; 4 4 e flas = 2 £
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w o k] = w | 22 | & s2 | 8%
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feet. {sq.cm.| em. {sq.cm.[cu.em.! lbs. Ibs. 1bs. inch,
i A .0 44 20.3 | 44 893 Teal 635 | 4245 620
2 B 1.67 44 20.3 | 40.5 | 822 1.01 970 | 3610 530
3 C 2.33 37 20.3 | 31.5 | 640 0.79 | 1060 | 2640 460
4 D 3.00 26 20.3 21 426 0.52 895 | 1580 390
5 E 3.67 16 20.3 11 223 0.28 590 685 275
6 il 4.125 6 7.6 4 3 | 0.04 95 as 102
1 | |
3.74 4245

Nore.—In compating waignt of elem:nts, em, (cm)?, and (em)? were em-
ployed. Tais is m2rely a matter of conveniencs, the weigbts being obtained in
hs. and stresses calculated in lbs. per square inch.

Bending Stresses—(See Figs. 14, 15, 16.)
In order to determine the bending stress, a bending moment

L

Fic. 14

Load Grading Diogram

/—\

diagram for the hlade is first drawn, and it will usnally be
found good enongh to assume all the loading uniplanar. Tak-
ing each of the elements A, B, C, D, E and F, estimate the load
on eaeh from the load grading diagram thus:

£ ®s. | 2s | . | \
g i o s Wil \
EN 05 cwE | §5 | 23 5
| < N - Pa-} W -z
P s i | 80| oo sd | B
k= o Sa. | 23 g° ) £=
| £ | s | % e ZZ o
S = & g a | NS o = -5 8
A R T | #C | == &g
4 1| e s oenCiNL VR
1 |I A ' 5 0 275 | 12.5 1 45
2 B " 3 0.45 ; 12 5
3 G 3 5 | 062 | ) 12,
i) |78 55 | 0.79 28.0
et T g [ 097 3| 363
¥ F : ! 1.07 S 48.8
Total 40.3 | 73 74 — — -
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The bending moments at each of the sections 1, 2, 3, 4, 5 and

Bending Moment L, B. Inches

s =208 . . __¢

t
t
R EEe L

Fie. 17

6 are now known, and the moduli of the sections are to be
computed either graphically or by dividing up into parts and
estimating for each part.

Bending moment on seetion . ;s
Then ————————————— = Stress due to hending.
Modulus ot section

The sum of centrifugal and bending stresses at each section
will then be the maximum skin stress to which the seetion is

subjected. (See table.)
Scetion (T l 2 | 3 I R
=t = U =B R A el P
Centrifugal stress, Ibs. /sq. inch. 620 | 330 ] 460 i 390 275
Bending stress, Ibs. /2q. inch.. .. ‘ 1150 | 1000 | 1050 | 1080 1000
Total stress ............| 1770 | 1330 | 1510 ’ 1470 | 1275

Materials and Stresses.—Walnunt, Hondunras, mahogany and
sprnee are the best materials for a wood propeller, and wal-
nut, though the heaviest, is probably the best of the three, since
mahogany is more inelined to warp, and spruce is rather weak
in tension. The ultimate tensile strength of walnut and ma-
hogany is about 4 tons per sq. in. (though, of course, it varies
considerably). so that a working load of 2,000 lb. per sq. in.
may be considered fairly safe. As a matter of faet, in order
to insnre good jointing and provide the required stiffness when
in aetion, the best working figures are found to be 1,600 to
1,800 1b. per sq. in. for walnut and mahogany, and 800 1b, per
sq. in. for spruee. These figures are for the root where the
materials are most highly stressed.

Having strengthened up the sections satisfactorily, the next
proeess is to arrange the laminations and “ fair up " the con-
tours. For glueing purposes the thickness of the laminas
should be in the neighborhood of 1 inch (except in very small
propellers). It will usually be found on setting out the con-
tours that it is impossible to draw a fair eurve through the
series of points obtained primarily—the blade sections must be

revised until this can be done. DProbably the best method is
first to draw a smooth curve to lie evenly between the eontour
points and then reset ont the sections to snit.

Before leaving the disenssion of blade strength, it may be
advisable to say a word or two as to the conditions governing
the employment of thick and thin blades. In the case of a very
fast running propeller in which the thrust is eomparatively
small, the stress produced by eentiifugal action alone is a large
proportion of the total, and no advantage is gained by unduly
thiekening up the sections. This will be evident where we con-
sider that an increase in sectional area means a proportional
inerease in weight, and therefore in centrifugal foree, the
centrifngal stress remaining constant. On the other hand, a
slow-moving propeller with a big thrust requires the reverse
treatment. A large proportion of the total stress is now due
to bending action, while the centrifngal stress is of minor im-
portance. Hence a fairly thick blade seetion now hecomes
advantageous.

Notks Aabpep Juxg, 1912.—More recent experiments have
afforded us the following additional data:

Eiffel's Experiments show—(1) that for different shapes ot
section the best angle of attack remains constant. (In the par-
ticular case given it was 5°.) This would indicate the inad-
visability of employing a varnable angle of attaek, unless it be
found that very high velocity has a big effect.

(2) That the best gliding angle varies a httle. For the
effective portion of the blade this variation is not great. The
mean value was 6°.

(3) That the lift eonstant varies somewhat (as one would
expeet) for the different sections.

The National Physical Laboratory Ezperiments are valnahle
so far as ordinary aerofoll experiments ean be applied to
propeller design (and these are practieally all we have to go
upon at present). They indicate the advantage of employing
a thin seetion. Strength considerations, however, forbid this in
the ease of wood, and we are thus led to the serious considera-
tion of metal construction.

Effect of Plan Form upon I ficiency—"Purely mathematical
treatment has led to the conclusion that very little is {o be ex-
pected in the direction of effeet of plan form unpon efficiency.
The two cases which have heen treated are—

(a) Triangnlar developed plan form with apex at blade fip,

(b) Triangular developed plan form with base as tip.

The integration is cumbersome and is not given here. It was
fonnd that the total efficiency of the propeller could be repre-
sented very approximately by the expression

1
1+ K tan G cot 0
where
K = a constant depending upon plan form.
(¢ = ghding angle of seetion adopted.
0 = angle ol effeetive helix at tip of blade.
and cot 6 = L1
Pe
where ) = diameter, and p, = effective pitch.
K was found to be about 0.6 in case («¢) and 0.8 in case (b).
Thus as a first approximation for the efficieney of a propel-
ler we may use the formula

1
1407 tan ¢ cot

The results given by this will be found to agree very well
with those obtained from the diagrams.




- Addenda

Summary of Procedure in Design

Data initially required.:—

Horse Power and r.p.m. of engine.
Estimated speed of aeroplane or dirigible.
Number of blades required.

1. FPiz diameter of propeller. This should usually be as
large as the gencral design will allow. It is here assumed
that the propeller is direet driven from the engine. If geared
down, the speed of rotation will first have to be decided upon.
Experience is the only gnide as to what this can conveniently
be for the weight at our disposal.

2. Caleulate effective pitch (p.) and angles of effeetive helix
(4) at suitably chosen radii. Tabulate these and angment
each by angle of attack (say 4 degrees). )

3. Decide upon the general developed plan form of blade.
Here again experience will help us. A blade which tapers
towards the tip has greater efficiency and has its material better
distributed to withstand stresses than one with full tip. Plot
linear grading curve,

4. Plot pressure (lbs. per sq. ft.) eurve, rememhering that
this is proportional to 1/sin’4 (Scale at first quite immaterial).

5. Lay out load grading curve by multiplying ordinates of
(3) and (4).

6. Lay out thrust grading eurve. This is obtained by mnlti-
plying ordinates of (5) by cos (4 + G) where G = gliding
angle for particular section to be adopted.

7. Calenlate values of tan 4 /tan (4 -+ G) for various radii
and plot efficicncy curve.

8. Compute total efficiency of blade from above eurve and
thrust grading diagram.

9. Caleulate total thrust and then thrust per blade, knowing
horsepower of engine, total efficiency, and veloeity of advance.

10. Obtain scales of diagrams and thus true blade widths at
various radii.

11. Plot “limit” curve for blade width to ensure no inter-
ference.

12. Lay out preliminary blade sections at correet angles and
subsequently projected plan form of blade, having regard to

Maxinium
Thickness

Flat Working Space

1D
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elimination of “twist.”
Fig. 18.

13. Investigate strength of varioms sections, finding first
eentrifugal, and then bending stresses, afterwards summing
to obtain total. Do not exceed stress at root of about 1,800
Ibs. per sq. in. in case of walnut or mahogany, “and 800 lbs.
per sq. in. for spruce.

14. Set down blade laminations aud plot contours. The
thickness of laminations should be about 34” to 1” in ordinary
propellers (say abont 8 to 9 ft. diameter) and the contours
should be smooth eontinuous curves. Adjust sections judiei-
ously until correct.

15. Design boss and run blade root into boss by suitable
curves. It is advisable also to lay out a blade section quite
close to the boss. In this part of the blade the chosen form
of section will nsually have to be departed from, but this is
not a serious matter. The angles of such sections, however,

" should not be less than the corresponding effective helix angles.

A good form of section i1s shown in

oo
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